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Abstract

Microbial Ecology

Feris, Kevin P. Ph.D., April 2003

The Effects of Fluvially Deposited Heavy Metals on Hyporheic Zone Microbial
Community Structure
Director: William E. Holben
The impacts on stream bed geochemistry resulting from mining activity are well
documented. Effects on local biota resulting from the altered geochemistry and
increased metal concentrations have traditionally been determined by comparing
changes in fish and invertebrate populations between contaminated and
uncontaminated streams. Studies monitoring these two macrofaunal populations
completely overlook the effects of increased metal loads on the local microbial
communities. Increased metal concentrations in soil have produced negative
effects on soil microbial communities, influencing both community structure and
function. Microbial communities in streams are influenced by, and intricately
involved with, the local geochemistry, and thus may be useful as indicators of
heavy metal contamination in aquatic environments. A suite of molecular tools
were applied (16S DNA phylogeny, denaturing gradient gel electrophoresis
pattern analysis, and real-time quantitative PCR) to a combination of
observational field studies, field experiments and laboratory experiments in order
to understand how hyporheic microbial communities are affected by heavy metal
contamination. These studies characterized the structure and seasonal
dynamics of microbial communities inhabiting the 1.7-2.36 mm sediment fraction
in pristine streams and along a heavy metal contamination gradient in western
Montana. A causal link between fluvially deposited heavy metal contamination
and changes in hyporheic microbial community structure was established. In
addition we determined the level of contamination and rate at which these
changes can be detected. A conceptual model based on these studies was
developed to integrate the effects of increased metal loads on the microbial
component of hyporheic ecosystems. This body of research is the first to
describe the effects of fluvially deposited heavy metals on hyporheic microbial
community structure. Potential implications of the approaches and conclusions
presented here on the regulation of hard rock mining are discussed.
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Dissertation Organization:

The research presented here is separated in to a series of chapters the
first of which includes a general introduction, background and significance, and
specific aims and hypotheses of this body of work. The next five chapters are
each formatted as an individual paper that has either been accepted for
publication (Chapter 2), submitted for publication (Chapter 3), or are in the
process of being revised for submission (Chapters 4, 5, and 6). The final chapter
is a summary of the work presented here and some suggestions for future
research. Due to this emphasis on publishable works the reader may find some
redundancies in the introduction, materials and methods, and reference lists
associated with each chapter. I hope this doesn’t interfere with the
understanding of the presented material.
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Chapter 1: Introduction, Background and Significance, and Hypotheses and
Specific Aims
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Introduction:
Large-scale mining activities have resulted in the contamination of numerous
aquatic environments worldwide (88, 114, 117, 130). Heavy metal contamination
can alter streambed geochemistry, reduce water quality, and have negative
impacts on the local biota (31, 32, 42-44, 47-49, 112, 130, 134, 189). Most
studies monitoring the biotic effects of heavy metals have focused on changes in
fish and invertebrate populations and have ignored the responses of the in situ
microbial communities (1, 3, 14, 32, 33, 35, 36, 39, 40, 43, 44, 47-49, 56, 87, 93,
105, 115, 147, 156, 160, 188, 198). While fish and invertebrates have historically
been useful for indicating the health of aquatic systems (1, 14, 17, 20, 26, 32, 33,
36, 38, 43, 47, 49, 56, 83, 87, 107, 125, 131, 151, 156, 160, 188, 189, 191, 198),
the majority of the nutrient cycling, primary production, and primary consumption
in streams are performed by the microbial component of the ecosystem (2, 7, 9,
23, 65-70, 86, 95, 109, 146, 178). Thus, by determining how microbial
communities respond to heavy metal contamination we can begin to understand
the effects that these contaminants have on lotic ecosystem function. In addition,
microbial communities may respond rapidly to contaminants, and at levels well
below those detectable by monitoring higher trophic levels. Therefore, studies of
the type presented here have the potential for developing new methods for
monitoring the presence and effects of heavy metal contamination in aquatic
systems at levels well below current methodologies.
Perturbation effects due to the introduction of anthropogenic contaminants
can be reflected in both microbial community structure (species composition and

2
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distribution) (53, 74, 81, 96, 98, 182, 203) and community function (alterations in
activity, biomass accumulation, respiration, gene expression, etc.) (72, 96, 182).
To determine the effects of heavy metal contamination resulting from the fluvial
deposition of mine waste on the structure of microbial communities inhabiting
small-grain-alluvial sediments, we have designed a three-pronged experimental
approach comprised of observational field studies and controlled field and
laboratory experiments. The observational field studies comprise a realistic
situation that incorporates all of the possible environmental factors that could
affect a microbial community response (i.e. differences between sites and
sampling locations in temperature, organic carbon quantity and quality, dissolved
inorganic nutrients, grazing rates, and predation rates). However, these studies
are correlative in nature, and the presence of uncontrolled environmental factors
can be confounding, thus making the interpretation of results difficult. Therefore,
the observational studies were complemented by carefully controlled field and
laboratory experiments, that allowed for causative links to be drawn between
heavy metal contamination in streams and changes in microbial community
structure.

Background and Significance:
Microbial Community Analysis
Microbial systems tend to be dominated by complex communities rather than
monocultures (11, 41, 55, 57, 62, 82, 90, 97, 100, 110, 121, 138, 149, 173, 177),
and the constituents of these communities typically demonstrate site-specific

3
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characteristics (50, 91, 106, 181). For example, studies examining numerous
natural environments including agricultural soils (53, 96, 124, 166,173, 176),
lakes (4, 51, 90, 144, 174, 177, 190, 196), forest soils (74, 138, 141, 143, 200),
ground water (41, 82, 110, 148, 158), hyporheic zones (59, 85, 146, 177, 201),
deep subsurface environments (41, 110, 185), deep sea vents (187),
gastrointestinal tracts (5, 6, 92, 123, 152, 206), stream beds (7, 15, 16, 85, 95,
146, 163, 183, 186), and industrial water treatment facilities (28, 97, 199) have all
indicated the presence of complex microbial communities rather than simple
monocultures of individual bacterial strains. To determine how these microbial
communities are maintained, numerous investigations have explored the factors
affecting community structure and function (11, 15, 60, 61, 84, 104, 126, 150,
163, 174, 175, 186, 190). These studies generally take one of two approaches:
exploring the microbial community structure via a phylogenic approach (60, 61,
174, 175, 190), or the functional aspects of the community via physiological
measures (16, 61, 96, 137, 171, 182, 199). The body of work that comprises this
thesis explores the effects of fluvially deposited heavy metals on the structural
aspects of hyporheic microbial communities. To assess these effects a suite of
molecular tools were utilized.
Molecular biology has provided new tools for exploring microbial
community structure (8, 24, 45, 52, 55, 60, 61, 64, 72, 73, 76, 77, 79, 89, 99,
106, 111, 133, 142, 145, 150, 155, 157, 159, 161, 166-168, 184, 192-194, 199).
The development of 16S rDNA/RNA technology (204) and the establishment of a
ribosomal sequence database (119) as tools for microbial ecology have greatly

4
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improved the ability of microbial ecologists to explore the microbial component of
natural ecosystems. Originally, 16S rDNA/RNA sequences were used to
determine what phylogenetic groups were present in an environmental sample,
essentially functioning as a means to perform population surveys and determine
evolutionary related ness of the recovered molecular species (for the purposes of
this document, an organism that is defined based on 16S data alone). This
approach has been successfully applied to numerous environments including oil
fields (185), surface soils (145, 149, 159, 172, 176, 179, 181), streambeds (15,
22, 59, 85, 95, 163, 186), ground water systems (41, 192, 195), mine runoff and
mine tailings (22, 58, 118, 132, 167, 201) among others. In addition, portions of
the 16S sequence have been used for diversity measures via denaturing gradient
gel electrophoresis (55, 94, 97, 106, 124, 133, 170,199), restriction fragment
length polymorphism analysis (41, 46, 55, 122, 165, 180), and oligonucleotide
probe construction for microarray hybridization (116, 161). Additionally, 16S
sequences are now being used to determine microbial community structure and
for monitoring responses to perturbations such as seasonal change (21, 52, 57,
59, 63, 85, 144), alterations in nutrient levels (21, 132, 153, 154,174, 185), and
exposure to contaminants (22, 72, 95, 96, 103, 142, 155, 163-166, 181, 197).
The molecular tools employed herein; 16S rDNA phylogeney, denaturing
gradient gel electrophoresis (DGGE) pattern analysis, and real-time quantitative
PCR (qPCR), were used to analyze hyporheic zone microbial communities
associated with a metal contamination gradient present in the Clark Fork River.

5
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Mining Contamination in the Clark Fork River

The Clark Fork River in western Montana has a legacy of contamination
with a mixture of metals from a large copper mine near Butte, Montana. The
mining activity in Butte has removed approximately 400 million m3 of rock from
the subsurface, 90% of which has been discarded as tailings (130). It is
estimated that 2 million m3 of tailings have been dumped directly into Silver Bow
Creek, one of the headwater tributaries of the Clark Fork river. The results of this
contamination include drastic changes in the sediment and pore water
geochemistry (27, 135, 136, 201), and immediate to long-term effects on the
local biota (10, 32, 34-36, 71, 125). More specifically, the surface chemistry of
downstream sediments has been altered by the formation of metal-oxide
coatings. These coatings, generally consisting of iron and manganese
oxyhydroxides, are formed via the precipitation of metal ions as they encounter
alkaline-buffered surface and groundwater systems, and alter the sediment
surface chemistry (18, 19, 108, 130, 131, 134, 136, 201, 202). The oxyhydroxide
coatings can act as chelation sites for other, more toxic, metals such as As, Cu,
Cd, and Pb (25, 127, 129). These coatings and chelated metals comprise the
increased sediment metal concentrations that are projected to extend up to 556
km downstream from Butte, MT (130).
Since the majority of microorganisms in streams live attached to, and
therefore in close association with, sediment surfaces, it was hypothesized that
changes in sediment surface chemistry would have detectable effects on the
local microbial community structure. Although, little is known about the

6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

interactions between fluvially deposited heavy metals and streambed microbial

communities, increased sedimentary metal loads have been correlated to poor
drinking water quality (120) and negative effects on the resident aquatic
ecosystem (10, 32, 34, 36, 38, 71, 113, 130). Specifically, in the Clark Fork river
trout populations are currently about 1/10th of the pre-mining numbers (131, 205)
and Daphnia survival is negatively correlated with high metal concentrations in
the sediment (32).
Effects o f Heavy Metal Contamination on Microbial Communities
Although, the effects of heavy metal contamination in streams on aquatic
microbial structure are relatively unknown, the effects of anthropogenically
introduced metals on soil microbial community population structure and function
have been investigated. Population effects include alterations in community
phospholipid composition (11, 12, 53, 74, 75, 96, 103, 141, 143, 171, 203) and
DGGE patterns (96, 166), decreases in microbial diversity (78,128, 165, 166,
197), and selection for metal tolerant organisms (11, 22, 54, 57, 143, 162, 197,
203). Observed differences in microbial community function include decreased
biomass accumulation (30, 74, 75, 101, 103, 139), decreased nitrogen
mineralization (80), decreased nitrogen fixation (30, 78), decreased
dehydrogenase activity (29, 98, 139), decreased respiration rates (75, 101, 102,
140, 141,171), and variations in carbon source utilization (11, 37, 98, 101). In
addition to altering microbial community composition and function, metals can act
as electron donors or acceptors for microbial respiration, thereby allowing the
microbiota to actively participate in the transformation of metals through

7
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oxidation/reduction reactions (13, 22, 51, 57, 163, 169, 201). This metabolic

activity can alter the solubility and toxicity of metals as well as affect the local pH
(201).
To determine the effects of increased sedimentary metal loads on the

structure and function of hyporheic microbial communities associated with smallgrained (1.7 - 2.3 mm) alluvial sediments in the Clark Fork and other aquatic
systems, I present the following hypotheses (H) and specific aims (S.A.). The
analytical approaches employed to address these aims are largely molecular
biology-based. Although the use of these tools for exploring microbial community
structure is not unique, the system studied and the combination of multivariate
statistics and factorial experimental design presented represent novel
contributions to this discipline.

Hypotheses and Specific Aims:

To determine if increased sedimentary metal loads affect microbial communities
inhabiting the hyporheic zone of the high gradient streams typical of the
mountainous western United States I present the following hypotheses and
specific research aims.

H1) The structure and seasonal dynamics of microbial communities inhabiting
the hyporheic zone of pristine streams can be used as baseline information for

8
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determining the effects of fluvially deposited heavy metals on hyporheic microbial
community structure.
S.A. 1) Characterize the structure and seasonal dynamics of microbial
communities inhabiting the 1.7 - 2.36 mm sediment fraction in three
different pristine streams in western Montana.

H2) Fluvially deposited heavy metals have had an effect on the structure of
microbial communities inhabiting the hyporheic zone of the heavy metal
contaminated streams in the western United States.

S.A.2) Characterize the structure and seasonal dynamics of microbial
communities inhabiting the 1.7 - 2.36 mm sediment fraction of the
hyporheic zone along a heavy metal contamination gradient, represented
by six different locations in five different high-gradient streams in western
Montana.

H3) Hyporheic microbial communities exposed to increased metal concentrations
will exhibit alterations in community composition and the abundance of specific
phylogenetic groups relative to controls.
S.A. 3) Determine if a causal link can be established between fluvially
deposited heavy metal contamination and changes in hyporheic microbial
community structure, and determine the level of contamination and the

9
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rate at which change can be detected in the microbial community. This
specific aim was achieved through two experiments. 1) A field experiment
in which four different levels of fluvially deposited heavy metals were

introduced to a single stream. Differences in the structure of the microbial
communities associated with each metal level were determined. 2) A
series of controlled laboratory mesocosm experiments were conducted in
which a single native hyporheic microbial community was exposed to five
different levels of an environmentally relevant metal amendment.
Changes in microbial community structure in response to the heavy
metals were monitored over a time course.

H4) The integration of accurate geochemical and microbial community structure
data can be used to develop a model describing the effects of increased
sedimentary metal loads on natural microbial communities. This model should
prove useful in determining the long-term effects of metal contamination on
microbial communities. In addition, this analysis should indicate whether
microbial communities are useful tools for monitoring the presence and effects of
heavy metal contamination in aquatic systems at levels well below those
indicated by current methodologies.
S.A. 4) Based on the structural changes detected within hyporheic
microbial communities, a conceptual model will be developed to integrate
the effects of increased metal loads on the microbial component of
hyporheic ecosystems

10
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Abstract
The hyporheic zone of a river is characterized by being non-photic, exhibiting
chemical/redox gradients, and having a heterotrophic food web based on the
consumption of organic carbon entrained from surface waters. Hyporheic
microbial communities constitute the base of food webs in these environments
and are important for maintaining a functioning lotic ecosystem. While microbial
communities of rivers dominated by fine-grained sediments are relatively well
studied, little is known about the structure and seasonal dynamics of microbial
communities inhabiting the predominantly gravel and cobble hyporheic zones of
rivers of the western United States. Here, we present the first molecular analysis
of hyporheic microbial communities of three different stream types (based on
mean base discharge, substratum type, and drainage area), in Montana.
Utilizing 16S rDNA phylogeny, DGGE pattern analysis, and qPCR, we have
analyzed the prokaryotic communities living on the 1.7 to 2.36 mm grain-size
fraction of hyporheic sediments from three separate riffles in each stream.
DGGE analysis showed clear seasonal community patterns, indicated Similar
community composition between different riffles within a stream (95.6-96.6%
similarity), and allowed differentiation between communities in different streams.
Each river supported a unique complement of species; however, several
phylogenetic groups were conserved between all three streams including
Pseudomonads and members of the genera Aquabacterium, Rhodoferax,
Hyphomicrobium, and Pirellula. Each group showed pronounced seasonal
trends in abundance, with peaks during the Fall. The Hyphomicrobium group
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was numerically dominant throughout the year in all three streams. This work
provides a framework for investigating the effects of various environmental
factors and anthropogenic effects on microbial communities inhabiting the

hyporheic zone.

.
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Introduction

The hyporheic zone is the region of saturated sediments beneath the channel of
a stream (42) and is an important component of lotic ecosystems (16, 55, 57).
This transition zone between surface and groundwater lends connectivity

between these two environments (9, 67). The hyporheic zone can
simultaneously support seemingly contradictory metabolic types due to its
heterogeneous nature and characteristic gradients of inorganic nutrients, Eh, and
organic carbon (1, 6). Due to the absence of light in this environment, the food
web is based primarily on the consumption of organic carbon entrained from
surface waters (1, 17, 49). The microbial communities that reside in the
hyporheic zone of lotic ecosystems play important roles in nutrient retention (46)
and cycling, constitute the majority of the biomass and activity in these systems
(11, 19, 20, 54), and can account for 76-96% of ecosystem respiration (47). In
some rivers with extensive alluvial aquifers, such as those found in western
Montana, the productivity of the hyporheic zone can be orders of magnitude
greater than that in benthic sediments (11).
Previous investigations into the structure of hyporheic communities have
largely been based on measures of invertebrate distribution and abundance (1,
6, 21, 45, 50, 74) or on total bacterial biomass (7, 17, 20, 22, 56, 66). The
majority of information on the microbial component of the hyporheos (the biotic
component of the hyporheic zone) is based on community-level physiological
measures such as respiration (14) and productivity (7). To date, only a few
investigations have attempted to describe the structure and seasonal dynamics
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of hyporheic microbial communities (2, 66). Smoot et al. (2001) demonstrated
seasonal variation in bacterial biomass and community structure, as measured
by PLFA analysis, for microbial communities associated with riverine and
lacustrine sediments in a hybrid river-lake ecosystem. Battin et al. (2001)
identified the P-proteobacteria subclass as the dominant component of lotic
biofilms and provided the first evidence of Archaea in a lotic ecosystem.
However, to date there have been no reports describing hyporheic microbial
communities inhabiting high gradient free-stone rivers that predominate in the
mountainous western United States.
The objective of the current study was to employ a suite of molecular
microbial ecology techniques (DGGE pattern analysis, 16S rDNA phylogeny, and
real-time qPCR) to describe the in situ community structure and seasonal
population dynamics of the microbial hyporheos in different-sized rivers in
western Montana. Three rivers representing a range of river types were sampled
periodically for more than a year to obtain information regarding: (1) the structure
and composition of these microbial communities, (2) the degree of heterogeneity
within and between streams, and (3) seasonal trends in the abundance of key
bacterial groups.
The data indicate that, while there is little within-stream variation in the
composition of microbial communities inhabiting the hyporheic zone, there are
marked seasonal changes. These communities primarily contain members of the

a, p, and y-proteobacteria, with Hyphomicrobium and Rhizobium -like 16S rDNA
sequences being the most numerically abundant throughout the year. Although
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total bacterial cell density was relatively constant throughout the year, individual
populations exhibited different seasonal abundance patterns.

Materials and Methods
Study streams
Three streams (Fig. 1A) were sampled five times over thirteen months from
September 2000 through October 2001. The streams were selected to represent
a range of stream types based on mean base discharge, substratum type, and
drainage area (Table 1). The general physical characteristics of each stream
throughout the year were obtained from the USGS Montana stream-flow website

(http://waterdata.usgs.gov/mt/nwis/current?type=flow). All of the sampled
reaches were free of major debris and dams, and had riparian vegetation
dominated by cottonwood groves, alders, and willows. Watershed land use near
the sampled reaches included rangeland, hay fields, and some rural residential
housing. There were no significant sources of pollutants upstream of any of our
sampling locations. Dissolved anions (NO 3', P 0 43", and Cl") were measured in
surface and pore water for each stream, with water samples taken at the same
time as sediment samples (n=3 for each time point). Anion values were
determined on a Dionex D500 ion chromatograph as per U.S. EPA method 300.0
using an A S H anion separation column.
Since there were no significant differences between surface and pore
water values (p > 0.47), surface water measurements were used as estimates of
pore water chemistry to 20 cm depth. The smallest stream, the Little Blackfoot
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River (LB), was sampled near Garrison, MT (Lat. 46 3T11", Long. 112 47'33") at
1,324 m above sea level. The moderately-sized stream, Rock Creek (RC), was
sampled near Missoula, MT (Lat. 46 43'21", Long. 113 40'56") at 1,072 m above
sea level. The largest stream, Big Hole River (BH), was sampled near Glen, MT
(Lat 45 26'26". Long. 112 33'20") at 1,478 m above sea level.

Sampling design
Approximately 6 liters of sediment from each of the three sampled streams were
collected by hand-sieving bulk sediment (0 - 20 cm depth) with stacked 2.36 mm
and 1.7 mm stainless steel sieves. This same size fraction of sediment was
analyzed from each stream in order to minimize differences due to physical
heterogeneity within streams, and thus maximize our ability to detect differences
in microbial communities (inhabiting this same size fraction) between streams.
Sediments were bagged in sterile Whirl-Pak bags (Nasco, Fort Atkinson, Wl) and
kept on wet ice during transport to the laboratory. Fifteen replicate 125 g
samples of sediment from each stream were packed into acid washed (soaked in
0.1% HCI overnight/then rinsed 3x in MilliQ water) PVC columns (Fig. 1B).
These packed columns were buried vertically (0 - 20 cm depth) in each of the
streambeds in groups of 5 columns at the heads of three consecutive riffles (Fig.
1B). Placing the columns at the heads of riffles ensured that the pore water at
these locations would be dominated by the influx of surface water, thus reducing
variability between sampling locations within and between streams due to the
potential influx of ground waters. The walls and tops of the columns were
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constructed of opaque PVC to prevent the influx of light, thus making the column
interior more representative of the non-photic hyporheic zone. Columns were
allowed to equilibrate in situ for 6 weeks prior to initial sampling on September
10, 2000 (Fall). Additional samples were subsequently taken on November 17,
2000 (late Fall), April 22, 2001 (Spring, pre-runoff), July 1, 2001 (mid-summer),
and October 2, 2001 (Fall). Sampling was not possible during mid-Winter or the
Spring run-off period due to overlying ice and hazardous conditions, respectively.
For each time point, one column from each of the 3 groups within each stream
was harvested and analyzed (for a total of three replicates from each stream at
each time point). The sediments were removed from the PVC cores, gently
rinsed on-site with stream water in a 1.7mm stainless steel sieve, and then
placed on dry ice or at -70°C until lyophilized overnight in a Freezemobile 24
(Amoco Productions Co., Tulsa, OK). Once dried, the sediments were stored at

-7 0 °C prior to analysis.

Microscopic enumeration of bacteria
Total bacterial cells associated with one-gram samples of lyophilized sediment
were enumerated as described previously (23). One slide was made for each
column sampled, and 30 fields of view or 400 bacterial cells counted from each
slide.
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DNA extraction
For bacterial community DNA recovery, 1 g samples of lyophilized sediment were
extracted by the method of Yu and Mohn (77) with the following modifications:
0.5 g of sterilized and nuclease-free (baked overnight at 350°C) 0.1mm
zirconia/silica beads (Biospec, Bartlesville, OK) were used. All isopropanol and
ethanol precipitations were performed overnight at -20°C.

Prior to PCR

analysis, 20 pi aliquots of each sample were further purified using Sephadex G50 spun columns (61). RNA was removed by treatment with 5 pi of 1 mg/ml
RNAse A solution (DNAse free) for 30 min at 37°C. All glassware was sterilized
by autoclaving. The manufacturer certified all disposable plastic-ware as
sterilized, DNAase-, and RNAase-free. Similar bead-beating approaches for the
extraction of DNA from environmental samples have been shown to successfully
recover DNA sequences from the majority of Bacterial and Archaeal lineages
(51, 59, 63).

Denaturing Gradient Gel Electrophoresis and Gel Pattern Analysis
PCR amplification for DGGE analysis was performed using conserved general
16S rDNA primers 536fc and 907r (29) (note that primer 536fc is comprised of a
40-bp GC clamp (CGC CCG CCG CGC CCC GCG CCC GGC CCG CCG CCC
CCG CCCC) at the 5’ end of the 536f primer in this citation). PCR was
performed with Taq polymerase (Roche Diagnostics, Mannheim, Germany) using
the manufacturer’s suggested protocol for a standard 25 pi reaction and a PTC100™ thermal cycler (MJ Research Inc., Reno, NV). An initial denaturing step of
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5 min at 95°C was performed followed by 35 cycles of 15 sec at 95°C, 30 sec at
55°C, and 60 sec of extension at 72°C, and finally by 5 min extension at 72°C.
Generally, the products of 4 replicate PCR reactions were pooled to provide
sufficient PCR products (400 ng) for DGGE analysis.
The PCR amplicons generated from each sample were separated via DGGE
using the Bio Rad D-GENE System (Bio-Rad Laboratories, Hercules, CA). The
Gibco 100 bp ladder (Invitrogen Corp., Carlsbad, CA) and a separate lane with
100 ng each of PCR product amplified from chromosomal DNA of Clostridium
perfringens and Micrococcus luteus were included in each gel as positional
markers. A linear gradient of denaturant ranging from 25% to 60% (7M urea:
40% (wt./vol.) formamide) in a 6% acrylamide gel matrix was used. Each gel
was run at 60°C and 30 V for 30 min, before the voltage was increased to 130 V
for 5 h. Following electrophoresis, gels were stained for 2 h at 37°C with a 5x
concentration of SyberGreen I (BioWhittaker Molecular Applications, Rockland,
ME), and bands were visualized using a Bio-Rad Gel Doc 1000 and Molecular
Analyst software (Bio-Rad Laboratories).
GelCompar v.4.0 software (Applied Maths, Kortrijk, Belgium) was used to
analyze DGGE images for pattern similarities. All band patterns were normalized
to the positional markers in each gel, thereby eliminating variation between
individual gels. A similarity index, based on the Dice coefficient SD=2nAB/nA+nB
(where Ra = the number of bands in lane A, ne = the number of bands in lane B,
hab

= the number of common bands between lanes A and B), was calculated by

comparing the DGGE pattern from each sample to all other samples.
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Cloning and sequencing o f DGGE gel bands

Bands of interest from the DGGE patterns demonstrating the greatest number of
bands (September, 2000) were excised, reamplified, cloned into a plasmid vector
and then subjected to DNA sequence analysis. Bands were excised from the gel
using a flame sterilized razor blade, placed into sterile 500 pi tubes, macerated
with a pipette tip, mixed with 100 pi of elution buffer (50mM KCI, 10mM Tris,
0.1% Triton X-100, pH =8.0), and then incubated at room temperature overnight
to elute the DNA from the gel matrix. PCR products were generated from the
eluted bands as described above, purified with Qiaquick PCR Clean-up columns
(Qiagen, Valencia, CA) using the manufacturer’s suggested protocol, and cloned
into the pT7Blue-3 plasmid vector using the Perfectly Blunt Cloning Kit (Novagen,
Inc., Madison, Wl). Plasmids were harvested from 2 ml, 37°C overnight cultures
of E. coli using Qiagen mini-prep kits (Qiagen, Valencia, CA) as recommended
by the manufacturer. To ensure that plasmid clones contained the sequence of
interest, each was used as template for PCR using the 536fc-907r primer pair
and the products analyzed by DGGE alongside the original total community PCR
products to confirm band position. DNA sequence analysis was performed by
MWGBiotech, Inc. (High Point, NC).

Phylogenetic Analysis
DNA sequences were analyzed for completeness and checked for chimeric
character using the Ribosomal Database Project
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(http://rdp.cme.msy.edU/html/http://rdp.cme.msu.edu/html/) Chimera Check
function. Any sequences that appeared chimeric were excluded from further

analysis. The Sequence Match function of RDP II was used to determine the
closest known relative of all recovered sequences. Preliminary alignment of
related sequences was performed with the Sequence Align function of RDP II,
and then SeqPup v.0.8 (lUbio Archive, http://iubio.bio.
indiana.edu/soft/molbio/seqpup/iava/) was used to manually align these
sequences as needed. Phylogenetic trees were generated from the aligned
sequences using Paup v.4.0b.8.a (Sinauer Associates, Inc., Sunderland, MA).
Separate trees were generated using Neighbor joining, Maximum parsimony, and
Maximum likelihood algorithms. Each tree was bootstrapped 100 times and a
consensus tree generated from those trees. The major branches of the
consensus tree were used to identify the dominant groups from which groupspecific primers were subsequently generated for qPCR analysis.

Real-time quantitative PCR (RT-qPCR)
A suite of group-specific primers corresponding to the groups defined by the
phylogenetic analysis were designed and used to quantify the abundance and
distribution of each group via RT-qPCR. All primer pairs (Table 2) were
generated from consensus sequences for each phylogenetic group and tested for
self-complementarity (using Mac Vector, International Biotechnologies, Inc., New
Haven, CT), secondary structure (using M-fold) (43, 79), and group-level
specificity (using the RDP II probe match function,

38

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

http://rdp.cme.msu.edu/cais/probematch.cqi?su= SSUI prior to use. Quantitative
PCR reactions were performed using a Bio-Rad iCycler (Bio-Rad) and the
Sybergreen I detection method.' Briefly, each 25 pi PCR reaction contained a 1X
concentration of a modified 10X Roche PCR buffer (Roche Diagnostics) (10 mM
Tris-HCI, 0.3 mM MgC^, 50 mM KCI, pH = 8.3, 1:10,000 dilution of Sybergreen
I), 6.25 mM of each dNTP, 1pmol of each primer, 7% DMSO, and 1.25 U of Taq
polymerase (Roche Diagnostics). Separate standards were designed for each
targeted phylogenetic group from our clone library. For each phylogenetic group,
5 clones were restricted with Notl (Promega, Madison, Wl) using the
manufacturer’s suggested protocol, and mixed together in equal proportions for
use in copy number calibration. The plasmid copy number/pl was determined for
each standard mixture (pg of cut standard plasmid mixture/pl •
[molecules*bp/1.05x1015 pg] • 1/3821 bp per plasmid = # plasmid copies/pl). RTqPCR reactions were run on serial dilutions of each standard mixture to relate
threshold cycle number to copy numbers of the target sequence and to generate
standard curves for quantification in unknown samples. Typically, standard
curves were linear across 5 orders of magnitude (107 - 102 copies, R2 = 0.99 0.97). Samples that fell above or below this linear range were diluted or
concentrated, respectively, to bring the target copy number into the linear range
of detection.
The following PCR conditions were used to quantify the copy number/g for
each of the defined phylogenetic groups: Appendaged group (Ap), 5 min at 95°C
then 45 cycles of 15 sec at 95°C, 30 sec at 58.4°C, and 60sec at 72°C;
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Aquabacterium/Rhodoferax group (A/R), 5 min at 95°C then 45 cycles of 15 sec
at 95°C, 30 sec at 59.4°C, and 60 sec at 72°C, Nostoc and Chamaesiphon group
(N/C), 5 min at 95°C, then 40 cycles of 15 sec at 95°C, 30 sec at 57.3°C, and 60
sec at 72°C; Pseudomonad group (Ps), 5 min at 95°C then 40 cycles of 15 sec. at

95°C, 30 sec at 61.5°C, 60 sec at 72°C. Fluorescence based on Syber-Green
binding was measured in each cycle after the 72°C extension period.

Statistical analysis of data
Univariate analysis of variance (ANOVA) and multivariate analysis of
variance (MANOVA) were used to determine statistical differences between
means. ANOVA is a statistical test that is used to determine if two means are
different from one another with respect to a single independent variable (e.g. time
or stream) (26). MAN OVA is a statistical technique related to ANOVA, however
MANOVA can test for differences between the means of two or more dependent
variables with respect to multiple independent variables or factors simultaneously
(26). In addition, each test can determine if there is an interaction between the
independent variables (represented as stream x time) that affects the dependent
variable. Interaction terms found to be significant indicate that both independent
factors (stream and time) have a combined effect on the dependent variables
(e.g. DGGE pattern similarity between LB and BH, bacterial cell density, or
abundance of each phylogenetic group).
Means of DGGE similarity scores, grouped by stream and date, were
tested for significant differences (p < 0.05). A similarity matrix was generated
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that contained the mean similarity scores for each stream and date compared to
the means of all other streams and dates. A non-metric dimensional scaling
analysis (NMDS) (NCSS, Kaysville, UT) was applied to this mean similarity
matrix to determine the relative differences between samples across time, both
within and between-streams. The NMDS plot can be interpreted by evaluating
the observed distances between points on the graph, or by finding patterns in the
multidimensional space of the plot (5, 36). When applied to DGGE data, the
NMDS plot graphically represents the relative differences between streams at
each time point and changes within streams across time. By using the mean
similarity matrix to evaluate differences within streams and between streams
across time, we reduced the number of data points, thus simplifying interpretation
of the NMDS plot.
All statistical tests were performed using NCSS 2001 software (NCSS,
Kaysville, UT) A p value of 0.05 was set as the significance threshold for all
Tukey-Kramer multiple comparisons tests.

Results
Community structure analysis
DGGE analysis was performed to assess and compare microbial community
structure within and between streams. While visual examination of DGGE
patterns (data not shown) indicated seasonality in the patterns of the detectable
microbial populations, we applied pattern-matching analysis using GelCompar
software to better quantify similarities and differences within and between
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streams. Within-stream heterogeneity was assessed by calculating the means

and standard errors of the similarity scores for all replicates and time points for
each stream, LB = 96.8 ± 1.05, RC = 96.5 ± 0.88, BH = 97.4 ± 0.67. An analysis
of variance (ANOVA) indicated that there was no significant difference in withinstream variability over the entire sampling period

( F w it h i n s tre a m sim iiarity =

0.27, p =

0.947). The mean within-stream similarity values were much higher than the
mean similarity values between streams, 96.1% similar vs. 80.87% similar
respectively (data not shown). This analysis indicated that there was little
variability within a stream during each time point we sampled, but does not
confirm the seasonality within streams indicated by visual analysis of DGGE
patterns.
Between-stream and between time-point comparisons were performed
using NMDS (Fig. 2A). The results suggest that the RC and LB communities
were very similar at the 9-00, 11-00, and 4-01 sampling times as indicated by the
proximity and positioning of their respective symbols. The BH community,
however, was more unique at these time points as indicated by its relative
position in Figure 2A. During the summer of 2001 (7-01) the RC and LB
communities diverged from each other, while the structure of the BH community
became more similar to that of LB. The relative similarity of the LB and BH
communities was also apparent at the last (fall) sampling time point (10-01),
while the RC community on that date had returned to a structure more like that
found on the 4-01 sampling date at both LB and RC.
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To make an assessment of bacterial species richness, we determined the
number of bacterial sequence types (based on DGGE band numbers) at each
stream for each sampling time. While each stream exhibited some differences in
the number and position of detectable bacterial sequence types (DGGE bands),

the general behavior of the species richness plots is similar among all three
streams (Fig, 2B). ANOVA indicated that there were significant differences in the
number of detectable bacterial sequence types between streams
p= 0.011) and between dates

(F d a te =

( F stre a m =

5.74,

30.34, p < 0.001). In addition, there was a

significant interaction between the number of bacterial sequence types found
within each stream and the sampling date

( F stre a m x d a te

= 4.84, p= 0.003).

Phylogenetic analysis
To identify the types of organisms comprising the hyporheic microbial
communities, several prominent bands from each stream for the September 2000
sampling date were excised from a DGGE gel, cloned, and sequenced (Fig. 3).
The sequences obtained were compared to the RDP II database and closest
matches to known species determined (Table 3). This analysis revealed that
gram-negative organisms from a number of different genera including
Aquabacterium, Chamaesiphon, Hyphomicrobium, Leptothrix, Nostoc, Pirellula,
Planctomyces, Rhizobium, Rhodoferax, and Xanthomonas dominated these
hyporheic bacterial communities.
The DNA sequences were also subjected to phylogenetic analysis to
determine whether similar phylogenetic groups inhabited each stream (Fig. 4).
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Sequences obtained from LB showed the most general distribution throughout

the tree (indicating broad representation across phylogenetic groups), while the
sequences recovered from BH and RC were more narrowly distributed. Four
phylogenetic groups were designated based on the identity of the best matches
to known species (Fig. 4). These include the appendaged (Ap) group
represented by Hyphomicrobium- and Rhizobium-like sequences, the
Aquabacterium/Rhodoferax (A/R) group represented by Aquabacterium- and
Rhodoferax-like sequences, the N/C group represented by Chamaesiphon- and

A/osfoc-like sequences, and the Pseudomonad group (Ps) represented by
Pseudomonas- and Xanthomonas-Wke sequences. All of the sequences in each

group indicated in Figure 4 were aligned to derive consensus sequences from
which group-specific primers were generated for the RT-qPCR analyses
described below.

Seasonal microbial population dynamics
Direct microscopic enumeration was used to estimate total bacterial cell densities
in each stream over the course of this study (data not shown). While variations
in bacterial cell densities within and between streams were observed over the
course of the year, average bacterial cell densities remained in the range of 107 108 cell number g'1of sediment. AN OVA indicated that there were significant
differences in cell number g'1values among the sampling locations
10.19, p = 0.0006), among sampling dates

( F d a te

( F s tre a m =

= 8.96, p = 0.0003), and that cell

number g'1values were significantly affected by the interaction between stream

44

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

and time

( F st r e a m x t im e =

7.34, p = 0.0002). A post-hoc multiple comparisons test

(Tukey-Kramer) indicated that the significance of these relationships was
dependent primarily on only three of the 15 sample sets analyzed (LB 11-00, RC
11-00, and RC 7-01).
Differences in phylogenetic group abundance between streams and time
points were assessed using RT-qPCR. To determine if there were significant
differences among any of the response variables (copy numbers g'1of each of the
phylogenetic groups) a MANOVA was performed using stream and sampling
time as the factors. In addition, we tested for a significant interaction between
the two factors (stream x time). This analysis indicated there were significant
differences in the abundance of each of the monitored phylogenetic groups
across time (Wilks Lambda
streams (Wilks Lambda

F d a te

F s tre a m

= 7.64, p = 0.003), but no differences between

= 1.46, p = 0.33), nor was there a significant

interaction between the two factors (Wilks Lambda

F s tre a m x tim e

= 0.94, p = 0.62).

Based on these results only sampling time was considered as a factor for further
analyses. A plot of the mean and standard error of each phylogenetic group for
all streams illustrates the common seasonal pattern found among all of the
phylogenetic groups at all three streams revealed by the MANOVA results (Fig.

5).
ANOVA indicated that there were significant differences in the abundance
of all of the phylogenetic groups across time; Ap group
A/R group

F d a te

F d a te

= 9.26, p < 0.0001;

= 6.62, p = 0.001; N/C group Fdate = 4.33, p = 0.01; Ps group Fdate

= 8.96, p = 0.0001). The abundance of the Ap group ranged between 7.76x107
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and 2.57x109 copy numbers/g for the Summer (7-01) and Fall (10-01) sampling

dates, respectively. This group was the most numerically abundant of all the
groups measured, with average copy numbers g"11-2 orders of magnitude
greater than for the other three groups. The A/R group exhibited perhaps the
most striking seasonal variation in copy number g'1. This group was most
abundant during late summer and fall (7-01 and 10-01 sampling dates) with
average copy numbers g'Veaching as high as 5.12x107. Similar to the N/C and
Ps groups, this group had its lowest population density during the late
Winter/early Spring (4-01 sampling date) with average copy numbers of 1.15x105
g'1. The estimated abundance of the N/C group was similar to that of the A/R
group, however, the seasonal variation in the N/C group was less dramatic. The
highest population numbers for the N/C group were seen during the fall (10-01)
with mean copy numbers of 1.25x107 g '\ while the lowest numbers were
observed in late winter/early spring (4-01) with a mean value of 9.12x105 copies
g'1. The fourth group (Ps) exhibited a seasonal pattern similar to that observed
for the A/R and N/C groups. The largest population size of this group was
measured during fall (9-00) with mean copy numbers equal to 7.94x10® g'1, while
the smallest population size was found during late winter /early spring (4-01)
when mean copy numbers had decreased to 7.24x104 g"1.

Discussion
Seasonal patterns in microbial community structure have previously been noted
in a variety of systems (4, 13, 15, 38, 52, 60, 65, 66). A number of factors
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including grain size (7, 37), the quantity and quality of organic matter (OM) (72,
78), grazing and predation/viral lysis (34, 64, 70, 73, 75) can influence microbial
community structure. Grain size can alter community structure through its effects
on flow rates (76) and the quality and quantity of available nutrients (9).
Therefore, we sampled a single size fraction of sediment within each stream to
control for the effects of physical heterogeneity and grain-size on bacterial
community structure. It must be acknowledged that this experimental design
potentially reduced the ability to detect the total hyporheic community diversity if
different populations or species are associated with different sediment fractions.
However, this powerful approach, based on managing within-stream physical
heterogeneity, allowed us to detect significant differences in group-level
abundance and community composition between different streams and at
different times throughout the year. DOC values were below our limit of
detection in the sampled streams (48) and the determination of grazing and
predation rates was beyond the scope of this investigation. Therefore we are
unable to directly address the relationship between these environmental factors
and the observed changes in the hyporheic microbial community structure.
Instead we focus the discussion on comparing and contrasting these findings to
previous studies of bacterial communities in aquatic systems. To facilitate this
discussion we provide a brief description of the techniques employed, the type of
information each provides, and how this data can be interpreted.
A suite of molecular methods was utilized to describe the seasonal
community dynamics within and between three high gradient streams in the
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western U.S. DGGE and NMDS were employed to determine differences and

monitor changes in microbial community composition between streams and
within streams across-time... These data are useful for monitoring the presence
and absence of species, however they do not provide information regarding the
abundance of individual species or phylogenetic groups or the density of
bacterial cells in general. To address these aspects of community change we
employed RT-qPCR using group specific PCR primers and direct microscopic
enumeration, respectively. Phylogenetic analysis was used to determine group-,
genus-, and species-level affiliations of the sequences recovered from the
sampled streams. Each of the mechanistically different techniques employed
here provides a unique level of resolution for assessing changes in microbial
community structure, and results from different approaches are thus often not
directly comparable. Therefore, we discuss the data provided by each technique
in turn, followed by a summation that merges all of the data into a coherent
picture of the seasonal dynamics of the hyporheic microbial community.

Community composition
Previous studies have utilized NMDS to provide statistical support for DGGE
based estimations of change in microbial community structure due to viral lysis
(72) and protozoan grazing (71). In the current study, NMDS was employed in a
similar fashion to graphically represent differences in hyporheic microbial
community structure between streams and changes across time. The DGGE
analysis revealed that the hyporheic communities sampled were relatively
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homogenous within the sampled reaches of each stream. However, there were
significant changes in the community composition across time.
In addition to community structure comparisons, these data demonstrated
that the number of detectable bacterial sequence types (DGGE bands) found in
the samples fluctuated during the study (Fig. 2B). Since some bacteria have
multiple, slightly divergent copies of rRNA genes (35), it is difficult to accurately
determine bacterial species richness in situ based solely on DGGE analysis.
However, the number of bacterial sequence types in a sample has previously
been used as an estimate of bacterial species richness in aquatic and terrestrial
systems (72, 78). Thus, not only does the composition of the hyporheic bacterial
community change throughout the year (Fig. 2A), but the richness of the
community does as well (Fig. 2B).
Since there are no previous descriptions of hyporheic microbial
communities using DGGE and NMDS, a direct comparison of our data with
previous findings is not possible. However, the phylogenetic analysis, bacterial
cell densities, and group-level abundance data presented here can be related to
other investigations of sediment associated and pelagic aquatic bacterial
communities.

Phylogenetic data
The majority of the recovered sequences were most closely related to gramnegative heterotrophic bacteria known to inhabit aquatic environments. Most of
the genera represented in the clone library can form biofilms, which would allow
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them to attach and maintain resident populations in flowing systems like these
stream environments. The Ap group consisted of Hyphomicrobium- and
Rhizobium-like sequences. Hyphomicrobium is a common inhabitant of aerobic
fresh water environments that frequently attaches to surfaces and may account
for up to 25% of the total bacterial community in nutrient poor water (10).
Rhizobium is most commonly associated with soil environments. The
Rhizobium-like sequences obtained in this study could either be of terrestrial
origin (e.g. from run-off) or represent aquatic organisms related to Rhizobium.
Indeed, Rhizobium-like populations have previously been reported in mine
tailings in river drainages in western Montana (41).
The A/R group included closest matches to the genera Aquabacterium,
Comamonas, Leptothrix, and Rhodoferax. While not previously observed in the
hyporheic zone, these organisms are widely distributed in aquatic environments
(28, 52, 53, 69). The N/C group consists of Nostoc- and Chamaesiphon-Wke
sequences. Some Nostoc species are able to grow as dark heterotrophs (58),
and A/osfoc-like species have been found associated with benthic sediments and
growing attached to natural substrates in both lotic and lentic environments (30).
The genus Chamaesiphon is known to live attached to sediments in aquatic
environments and can survive through heterotrophic metabolism (30). Further,
cyanobacteria are ubiquitous in streambeds, and it is thus not surprising to detect
them in sediments from the shallow hyporheic zone (0 - 20 cm depth). The Ps
group is comprised of sequences most closely related to Frateuria and
Xanthomonas. Xanthomonas species are commonly found in aquatic
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environments (32) while Frateuria sp. (previously classified as Acetobacter) are

more commonly found in terrestrial environments (12). Both can live as
chemoheterotrophs and metabolize a wide array of carbon compounds (30).
These four phylogenetic groupings, which the majority of recovered
sequences fall into, represent a wide range of species typically found in aquatic
environments (30). Collectively, these phylogenetic data indicate a microbial
community dominated by gram-negative chemoorganoheterotrophs, a
description that fits the model of a hyporheic food web predominantly supported
by the entrainment of exogenous organic matter or by a continual supply of DOM
(1 ,1 7 ,4 9 ).

Seasonal microbial population dynamics
DGGE band intensity has previously been used as a relative measure of
population densities (31, 44, 65). However, there are concerns with this
approach due to the potential for PCR bias (3, 68). To mitigate this concern, a
RT-qPCR assay was designed to determine the relative abundance of selected
phylogenetic groups. All RT-qPCR data are presented as 16S rDNA copy
number g'1of sediment since we are unsure of rm operon copy number in these
populations. However, for the groups being monitoried, the average rm copy
number is 2 -3 copies/cell (35). Since a dynamic range spanning 1 - 2 orders of
magnitude in rDNA copy numbers was observed, we conclude that substantial
fluctuations in population abundance occur seasonally.
A protective MANOVA analysis was employed to determine whether there
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were consistent and significant differences between streams, and whether there
were seasonal patterns in the abundance of any of the phylogenetic groups.
This type of protective multivariate analysis must be performed prior to analyzing
individual response variables because each response variable cannot be
assumed to be independent of the others (62). The lack of significant differences
between streams for any of the RT-qPCR response variables suggests that these
data represent an estimate of general population dynamics within a variety of
sizes of this type of stream. Further, phylogenetic analysis of these sequences
demonstrated that, while each stream contains a unique complement of species,
the organisms are closely related and readily fall into the recognized groups used
in this study. Since these three streams span a breadth of key physical,
hydrological, and geochemical parameters, it is reasonable to think that other
free-stone streams that fall within these bounding parameters will support a
similar complement of species and groups, at least in this geographical region.
Previous work has suggested that standing stocks of bacteria in streams
can vary with respect to season (18, 19, 27, 39, 40). While the current study also
detected a significant interaction between bacterial cell number g"1 of sediment
and season for 3 of the 15 sample sets, it should be noted that all cell number g'1
values from all locations and time points responsible for that interaction were
between 0 and 0.5 log units of all other samples. Considering the inherent
variability in data generated by direct enumeration of bacteria on sediments (33),
we conclude that there were no biologically relevant differences between streams
or time points in total bacterial cell densities as indicated by direct microscopic
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enumeration. Thus, it appears that standing bacterial cell density is stably
maintained throughout the year in these hyporheic environments.
Although little variation in bacterial cell densities was observed, analysis of
group specific 16S rDNA copy numbers/g of sediment indicated that the
distribution of the hyporheic bacterial populations did change with respect to
season. MANOVA analysis indicated that there were significant differences in
16s rDNA copy number/g of sediment across time. Further, ANOVAs performed
after the multivariate MANOVA demonstrated clear seasonal patterns in the
abundance of four separate phylogenetic groups found in the hyporheic zone.
Previous investigations in aquatic ecosystems have demonstrated similar
seasonal trends in individual phylogenetic group abundance while total bacterial
abundance remained relatively constant (2, 8, 24, 25, 52). Additionally, each of
those previous studies indicated that the monitored aquatic bacterial
communities consisted predominantly of (3-proteobacteria with lower abundances
of a and y-proteobacteria and the Cytophaga/Flavobacterium cluster. The
current survey was based on the detection of individual microbial species by 16S
rDNA phytogeny using highly conserved primers (i.e. cloning and sequencing of
partial 16S rRNA genes) rather than by probing at the division level as in those
prior studies and thus may not be directly comparable to those previous studies.

However, if the group level delineations (Ap, A/R, Ps, and N/C) of the RT-qPGR
primers employed here are extended to encompass the broader phylogenetic
groups in which they reside (i.e. a-, P-, y-proteobacteria, and Cyanobacteria,
respectively), then the group level abundance data in the current study is in
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contrast to these previous works. Our data indicate that the hyporheic zone in
these streams is dominated by a-proteobacteria rather than the B-proteobacteria
throughout the year. Additionally, members of the y- proteobacteria were as
abundant as the B-proteobacteria and the Cytophaga/Flavo-bacterium group was
not detected. However, since the group level PCR primers employed were
based on the sequence database from the current study and not an exhaustive
analysis of available sequences from these larger phylogenetic groupings, it may
be inappropriate to directly compare our findings to other studies based on
different rivers and river-compartments using mechanistically different
approaches.

:

To the best of our knowledge the current study represents the first
description of hyporheic microbial communities inhabiting high-gradient streams
of the mountainous west. Collectively, these data support five conclusions
regarding microbial communities in hyporheic environments: 1) Each stream
supports a unique complement of related species that are subject to seasonal
variations; 2) There is low variability in the bacterial species composition within a
given reach in any stream if grain size is controlled for; 3) Bacterial cell densities
are relatively constant, while the constituent populations seasonally fluctuate
over orders of magnitude; 4) The seasonal fluctuations in group-level abundance
are common between streams; and 5) Hyporheic microbial communities in the
streams studied are dominated by a-proteobacteria rather than p-proteobacteria
as seen in other types of aquatic microbial communities. These observations
may be useful in predicting seasonal fluctuations in hyporheic microbial
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community structure in similar environments, and in detecting the effects of
anthropogenic contaminants on intact lotic ecosystems. In addition, the
approaches presented here may assist in exploring the effects of DOM quality
and quantity, grazing pressure, viral lysis and other environmental factors on
hyporheic microbial community structure.
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Tables
Table 1. Physical stream parameters. Base flow ra te and dissolved anion valUes are
indicated as means (standard error) (n = 3). bdi = below detection (0.1 ppm fer CI-, 0.05 ppm for P042').
Parameter...
Catchment Area {sq. miles)
Streambed gradient
Base flow rate (c.f.s.)
Predominant bed material
Stream order
avg. pH
Cifpg/m l)
N as NOs (pg/ml)
P042'(|ig/ml)

LB
407
0.004
104.7(21.4)
Small cobbles/gravel
3rd
8.3
2.35(.G57)
0.061 (.035)
bdi

RG885
0.007
181.1(9.5)
Large cobbles/gravel
3rd
8.1
bdi
0.031 (.02)
bdi

BH
_
2,665
0.003
535.6 (40.7)
Large cobbles/gravel
4th
8.0
3.154(.13)
0.017(.01)
bdi
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0

0
208

60.4

60.16
60.4

62.57
62.77

Nfix Forward primer F1(5'-3’)
CCWGTAGTCCTAGCCGTAA
N-fix Reverse Primer 2 (3'-5')
CTAACGCGTTAAGTATCCGG
Xn Forward primer 2 (5'-3‘)
GAAATGCGTAGAGATCGGGAG
Xn Reverse Primer 2 (5'-3')
ACRTCCAGTTCGCATCGTTTAGG

N-Fixer grp
Product size = 86nt

Pseudomonad grp
Product size = 143nt
133

0

0

62,18

17

60.81

g a g c aaa c ag g a tta g ata c c c

Aquabact/Rhodoferaxgrp ARforward prim er2(5-3')
Product size = 171nt
CGGYAGAGGGGGATGGAA
AR Reverse Primer 2 ( 3'-5‘)
CCCTAAACGATGTCAACTGG

11

59.61

Ap Forward primer 2 (5-3')
AACACCAGTGGCGAAGG
Reverse Primer 2 (3'-5’>

Appendaged bact grp.
Product size = 83

# of matches in RDP

Probe Name/sequence

Targeted group

Tm

0.637
0.846

RDP score

Xanthomonas hyacinthi LMG 739 (T)
Xanthomonas melonis LMG 8670 (T)

Chamaesiphon subglobosus PGG 7430
Nostoc GSV224 str GSV224

0.692
0.841

0.741
0,94

Rhodoferax unidentified proteobacterium 0.949
Aquabacterium commune str, 88
0.922

Pirellula staleyi ATCC 27377
Hyphomicrobium denitrificans

Type species amplified

Table 2 qPCR primer constructs, Tm's, # of matches in RDP, and examples of the species each primer pair detects.

Table 3, Sequence identities of the excised DGGE bands that appear in figure 3.
Band
LB-1
LB-2
LB-3
LB-4
LB-5
LB-6
LB-7
LB-8
LB-9
RC-1
RC-2
RC-3
RC~4
RC-5
RC-6
RC-7
RC-8
RC-9
RO 10
BH-1
BH-2
BN-3
BH-4
BH-5
BH-6
BH-7
BH-8
BH-9
BH-10
BH-11
BH-12
BH-13

Group level
affiliation

Best match in RDP database
Leptothrfx MB1C3364 str. MBIC3364
Hdophaga/Acidobacterium bacterial species 16$ rRNA gene {clone 11-25)
Chamaessphon subglobosus PCC 7430
Nostoc GSV224 str. GSV224
Geobacter sp. sir. JW-3
Azospirfllum doebereinerae str. 63f
Aqua bacterium commune str. B8
Alpha-proteobacterium isolate from a sludge comrnuntiy (Rhizobium-Agrobaeterium group)
Aipha-proterobacterium unidentified eubact. (Rhizobfum-Agrobaderium group)
Acidovorax G8B1 str. G881
Comamonas sp. 18S rRNA gene, isolate 158.
Rhodoterax unidentified proteobacterium arc53
Leptothrix M BIC3364 sir. MBIC3364
Xanthomonas melonis LMG 8670 (T)
Frateurla aurantia IFO 3245 (T)
Addiobacterium subdivision, Mount Coot-tha region 5-10cm depth soil DNA done MC 26
Beta-proteobacterium, Nitrosomonas Multiformis sub-group: 1428 don© S28
Aquabacterium commune str. B8
Hyphomicrobium denitrificans str. X DSM 1869 (T)
Unidentified soil eubacterlum from eastern Amazonia (Actlnomadura subgroup)
Rhizobium CJ5 str. C J5,24N USDA 3398
Plarictomyces sp. str. Schlesner 642
Nitrospira Moscoviensis sub-group: clone 1405-19
Nitrospira Moscoviensis sub-group: clone 1405-19
Rhodoterax unidentified proteobacterium arc53
Gram positive, High G+C, Acidomicrobium Ferrooxidans sub-group: clone Sva0996
Pirelfula staleyi ATGC 27377
Delta-proteobacteria Myxobacteria Pol.Cellulosum sub-group: 1412 str. SHI-1
Pefobacter carbinalicus str. GraBdl DSM 2380 (T)
Janibacterthuringensis DSM 11141
Uncultured eubacterium (Ghloroffexaceae/Deinococcaceae group)
Nitrospina sub-group done C t 12 {isolated from arid southwestern soil)

^-proteobacteria
Hofophaga/Acidobacterium
Cyanobacteria
Cyanobacteria
S-proteobacteria
fi-proteobacteria
a-proteobacteria
a-profeobacteria
a-proteobacteria
g-proteobacteria
0-proteobacteria
p-proteobacterra
P-jxoteobadena
y-proteobacteria
y-proteobacteria
y-proteobacteria
ft-proteobacteria
p-proteobacteria
a-pfoteobacteria
High G+C gram positive
tt-proteobacleria
Ptandomycetafes
Nitrospira group
Nitrospira group
fi-proteobacteria
High G+C gram positive
Piandomycetatas
&-proteobacteria
6-proteobacteria
High G+C gram positive
Gram positive
Nitrospina subdivision
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Sab
Score

Accession
number

0.887
0.725
0.741
0.94
0.97
0.62
0.922
0.814
0.815
0.881
0.889
0.931
0.894
0.841
0.749
0.719
0.812
0.942
0.846
0.665
0.845
0.741
0.839
0.859
0.904
0.668
0.637
0.794
0.624
0.923
0.534
0.842

ABOt 5048
BSPZ957G9
Chms.sg!bs
AF062637
AF019932
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Figures

Figure 1. Sampling sites and sampler design. (A) Map of sampling sites. Each
stream sampled is indicated by a O, LB, Littleblackfoot River, RC, Rock Creek;
BH, Big Hole River. (B) Column placement at each stream consisted of groups of
5 replicate columns placed at the head of 3 sequential riffles. The distance
between column sets depended on the distribution of the riffles in each stream.
Column dimensions are as indicated.
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2.54 cm

Slots: 0.15 cm
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Figure 2. Bacterial community structure comparisons based on DGGE pattern
analysis. (A) Within-stream DGGE pattern similarity averaged over the course of
the study (n = 5 for LB and RC, n = 4 for BH). (B) NMDS analysis of the mean
similarity matrix indicating relative differences in DGGE pattern similarity withinand between-streams over time. Numbers within each symbol represent the
different sampling time points (1 = 9-00, 2 =11-00, 3 = 4-01, 4 = 7-01, 5 = 10-01.
(C) Richness of bacterial sequence types (i.e. DGGE band number) versus time
at all streams (n = 3 for each stream at all time points).
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Figure 3 DGGE lanes from 9-00 samples indicating which bands were excised
and cloned for DNA sequence analysis. Arrows indicate excised bands and are
labeled with the same names assigned to the recovered sequences.
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Figure 4. Consensus phylogenetic tree of partial 16S rDNA sequences amplified
with the 536f and 907r 16S primers. The symbols • and ■ represent branches
that are supported bymaximum likeli-hood, maximum parsimony, and neighbor
joining analysis with the following bootstrap values (x), • = 50 < x < 74%, ■ = x
> 74%. Refer to Table 3 for clone identities.
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Figure 5. Means and standard errors (n = 3) of phylogenetic group abundance
averaged across all streams versus sampling time. Note that 16S rDNA copy
number/g values are plotted on a Log scale. Ap = Ap group 16S rDNA copy #
a"1, AIR = A/R group 16S rDNA copy # g'1, Nfix = Nfix group 16S rDNA copy # g
, Ps = Ps group 16S rDNA copy # g'1.
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Abstract

The hyporheic zone of a river is' non-photic, has steep chemical/redox
gradients, and a heterotrophic food web based on the consumption of organic
carbon entrained from down-welling surface water or from upwelling
groundwater. Hyporheic microbial communities constitute the base of food webs
in this environment and are important for maintaining a functioning lotic
ecosystem. Using a suite of methods (DGGE, PLFA, direct microscopic
enumeration, and quantitative PCR) we compared the microbial communities
inhabiting the hyporheic zone of five different rivers that encompass a wide range
of sediment metal loads resulting from large base-metal mining activity in the
region. There was no correlation between sediment metal content and the total
hyporheic microbial biomass present within each site. However, microbial
community structure showed a significant linear relationship with the sediment
metal loads. The abundance of four phylogenetic groups (Groups I, II, III, and IV)
most closely related to a, p, and y-proteobacteria, and the Cyanobacteria
respectively, were determined. The sediment metal content gradient was
positively correlated with Group III abundance and negatively correlated with
Group II abundance. No correlation was apparent with regard to Group I or IV
abundance. This is the first documentation of a relationship between fluvially
deposited heavy metal contamination and hyporheic microbial community
structure. The information presented here may be useful in predicting long-term
effects of heavy metal contamination in streams, and provides a basis for further
studies of metal effects on hyporheic microbial communities.
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Introduction
The hyporheic zone is a spatially and temporally dynamic ecotone
between terrestrial, groundwater and lotic habitats (67, 69), and is an important
component of lotic ecosystems (18, 51, 53). This zone lies beneath the stream
channel (39) and acts as a transition zone between surface and ground water,
thus lending connectivity to these two environments (10, 28, 64). The microbial
communities that reside in the hyporheic zone are involved in the cycling of
nutrients (52) and nutrient retention (44). They also constitute the majority of the
biomass and activity in lotic ecosystems (14, 21, 22, 50), and can account for 7696% of the ecosystem respiration (45). In rivers with extensive alluvial aquifers,
such as those found in western Montana, the productivity of the hyporheic zone
can be orders of magnitude greater than that in benthic sediments (10, 14, 39,
64). This heterogeneous environment is characterized by an absence of light, a
food web based on the consumption of organic carbon entrained from surface
waters (2, 20, 47), and the presence of gradients of inorganic nutrients, oxygen,
and organic carbon which support seemingly contradictory metabolic types (2, 7).
The microbial transformations of dissolved and particulate nutrients taking place
in the hyporheic zone have been shown to influence both benthic
macroinvertebrate and algal assemblages and may play a role in the productivity
of riparian vegetation (3, 30, 52). Therefore, alterations in the hyporheic
ecosystem that result in changes in the resident microbial community structure
may be translated to higher trophic levels. In addition, alterations in the structure
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of microbial communities may be a useful indicator of the effects and extent of
anthropogenic contamination.
Wastes containing heavy metals contaminate numerous aquatic
environments worldwide as a result of large-scale mining activities (43). Heavy
metals reduce water quality and harm many eukaryotic organisms (11, 37, 43,
66). Alteration of streambed geochemistry due to acid mine drainage (AMD) and
the introduction of mine tailings into streams is well documented (for a review see
(43)), however, the resulting effects on microbial communities are poorly
understood. Heavy-metal contamination has been shown to alter the activity and
composition of microbial communities in terrestrial ecosystems. The majority of
these studies have been conducted in systems that were exposed to heavy
metals via industrial activities (12, 35, 49, 63, 73), experimental manipulation (15,
25, 26, 34, 65), or AMD (5, 6, 17, 42). Soils experimentally exposed to increased
levels of heavy metals tend to support microbial communities with decreased
fungi:bacteria ratios (26), decreased Archeal abundance (59), increased levels of
metal tolerance (15), and decreased metabolic potential (33).
The Clark Fork River in western Montana has a legacy of contamination
with a mixture of metals from a large copper mine near Butte, MT. The mining
activity in Butte removed approximately 400 million m3 of rock from the
subsurface, 90% of which was discarded as tailings (43). It is estimated that 2
million m3 of tailings have been dumped directly into Silver Bow Creek, one of
two headwater streams that merge to form the Clark Fork river. The results of
this contamination include drastic changes in sediment and pore water
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geochemistry (72), immediate to long-term effects on local biota (41), and a
gradient of elevated sediment metal concentrations which decreases
logarithmically with distance and is projected to extend up to 556 km downstream
from Butte, MT (38, 43). Since the metal contamination introduced into the Clark
Fork River came from an ore body that contained a complex mixture of heavy
metals, the resulting metal contamination gradient is also comprised of a mixture
of metals. Rather than attempt to determine the effects of individual metals on
hyporheic microbial communities, we have developed a contamination index (Cl)
that encompasses a suite of the toxic metals present to relate to our microbial
response variables. This increases the environmental relevance of our findings
and simplifies interpretation of the results based on microbial community
differences related to metal contamination as a whole.
Utilizing a suite of molecular techniques, including 16S rRNA gene
phylogenetic analysis, denaturing gradient gel electrophoresis (DGGE),
quantitative PCR (qPCR), and phospholipid fatty acid analysis (PLFA) we
present the first investigation of the relationship between hyporheic microbial
community structure and the concentration of fluvially deposited heavy metals in
river sediments. We demonstrate that overall microbial community composition
and the abundance of two specific phylogenetic groups were correlated with the
sediment metal content, while total bacterial biomass and the abundance of two
other phylogenetic groups were not.
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Materials and Methods
Study sites.

Six different locations were sampled for this study (Fig. 1A). The streams were
chosen to encompass a range of sediment metal concentrations and other
physical characteristics such as average discharge, substratum type, and
drainage area (Table 1) (13), General physical characteristics of each stream
were obtained from the USGS Montana stream-flow website
(http://waterdata.usgs.gov/mt/nwis/current7type =flow). All of the sampled
reaches were free of major debris and dams and had riparian vegetation
dominated by cottonwood groves, alders, and willow. Three sites were located
within the Clark Fork River watershed: Silverbow Creek (SB), a headwater
tributary of the Clark Fork (3rd order stream, Lat 46°06'28", Long 112°48'17",
elevation 4,912 ft); Clark Fork River at Gold Creek (GC) (4th order stream, Lat
46°35'26", Long 112°55'40", elevation 4,172.8 ft); and Clark Fork River at Rock
Creek (CF) (4th order stream, Lat 46°49'34", Long 113048'48", 3,320 ft). The
other three sites were: the Little Blackfoot River (LB) sampled near Garrison, MT
(3rd order stream, Lat. 46 31'11", Long. 112 47'33", elevation 4,344 ft); the Big
Hole River (BH) sampled near Glen, MT (4th order stream, Lat 45 26'26", Long.
112 33'20", elevation 4,850 ft); and Rock Creek (RC) sampled near Missoula, MT
(3rd order stream, Lat. 46 43'21", Long. 113 40'56", elevation 3,519 ft).

Sampling design.
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It has previously been indicated that particle size can affect community structure
by altering flow rates, nutrient availability/recharge, and surface area available for
colonization (9, 36). Bed materials in freestone rivers in the Rocky Mountain
west, including those in this study, are very heterogeneous in nature and
distributed patchily, ranging from silt to cobbles. Thus, we chose to compare a
single sediment size fraction for all sites and rivers to reduce the potential for
high variability between streams resulting from patchy distribution of
heterogeneous sediments and to allow direct comparison of microbial
communities inhabiting similar environments but in different locations.
To accomplish this, approximately 1 liter of sediment from each of the
streams was collected by hand sieving bulk sediment (0 - 20 cm depth) with
stacked 2.36 mm and 1.70 mm stainless steel sieves. This size fraction is a
common component of the hyporheic sediments of each site. Sediments were
bagged and kept on wet ice through all subsequent handling. Three replicate
125 g samples of sediment from each site were packed into sterile PVC columns
(Fig. 1B). Sets of five packed columns were buried in the streambeds at the
heads of three consecutive riffles (Fig. 1B) within 48 h of when the samples Were
first taken. Pore water samplers (described previously (46)) (not shown) were
placed in groups of two, 30 cm apart, at 5 - 10 cm depths, slightly upstream of
the buried columns (~ 20 cm). After burial, the columns were allowed to
equilibrate for 6 weeks before they were removed and processed. Sediment
samples from the columns were washed briefly in stream water on-site then put
on dry ice in sterile sampling bags (Fisher Scientific Company, Hanover Park, IL)

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

until lyophilized overnight in a Freezemobile 24 (Virtis Gardner, NY). Once dried,
the sediments were stored at-70 °C prior to subsequent analyses.

Geochemical analyses.
For sediment samples 5 g of dried sediment was extracted with 12.5 mL of
concentrated trace-metal grade HNO3, and 12.5 mL of concentrated trace metal
grade HO. Samples were heated to 95°G (± 5°C) and refluxed for 1 hour, then
cooled for 10 min, diluted to 50 ml with milli-Q water, inverted and shaken, then
allowed to cool and settle overnight. Extracted samples were filtered using a
FilterMate Filtering device (Environmental Express, Mt. Pleasant, South Carolina)
and the eluant analyzed for total dissolved metals on an ICP (IRIS model,
Thermoelemental, Franklin, MA) according to U.S. EPA test method 200.7. Total
recoverable metals were measured for each sediment sample and the
concentrations of five metals of interest (As, Cd, Cu, Pb, and Zn) were used to
create the contamination index (Cl). This index was used as a measure of
contamination relative to the metal content of the sediment at the most pristine
site included in the study (RC). Cl = X((Log Men/Log MenatRc)/# of metals
included in index); n = As, Cd, Cu, Pb, and Zn.

For water samples three 10 ml pore water samples were collected from each
pore water sampler prior to removal of the columns. One water sample from
each sampler was analyzed for total dissolved metals, one for dissolved As, and
one for dissolved N02-, N0 3 -, P042', F', Cl\ SO42'. Water samples were filtered
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on site with 0.2 pm 1C syringe filters directly into autosampler vials. Samples to
be analyzed for total dissolved metals were acidified in the field by addition of
150 pi of HNO 3 and 60pl HCI. Samples analyzed for dissolved As received 30 pi
H2 O2 in addition to the acid addition above. Filtered and acidified samples were
capped, shaken and stored on ice or at 4°C until analyzed via ultrasonic
nebulization with an ICAP-ES (Dionex, Sunnyvale, CA). Dissolved anions were
determined from non-acidified samples on a Dionex D500 ion chromatograph
(Dionex, Sunnyvale, CA) as per U.S. EPA method 300.0 using an A S M anion
separation column (Dionex, Sunnyvale, CA).

DNA extraction.
One g samples of lyophilized sediment were extracted based on the method of
Yu and Mohn (74) with the following modifications: 0.5 g of sterilized and
nuclease free (baked overnight at 350°C) 0.1 mm zirconia/silica beads (Biospec,
Bartlesville, OK) were used; all isopropanol and ethanol precipitations were
performed overnight at -20°C; prior to PCR analysis 20 pi aliquots of each
sample were further purified using Sephadex G-50 spun columns (56); RNA was
removed by treatment with 5 pi of a 1 mg/ml RNAse A solution (DNAse free) for
30 min at 37°C. All glassware was sterilized by autoclaving. All disposable
plasticware was certified sterilized, DNAase, and RNAase free by the
manufacturer.

Denaturing Gradient Gel Electrophoresis and Gel Pattern Analysis.
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PCR amplification for DGGE analysis was performed using the generally

conserved 16S rRNA gene primer pair 536fC (5’CGC CCG CCG CGC CCC
GCG CCC GGC CCG CCG CCC CCG CCCC CWT AAT GGC GCC GMC GAC
3’) and 907r (5’CCC CGT CAA TTC CTT TGA GTT T 3’) (Kovacik, W.P., Takai,
K., Mormile, M.R., MnKinley, J.P., Brockman, F. J., Fredrickson, J.K., and
Holben, W. E., submitted for publication).. PCR was performed with Taq
polymerase (Boehringer Mannheim Indianapolis, IL) using the manufacture’s
suggested protocol for standard 25 pi reaction and a PTC-100 thermocycler (MJ

Research Inc.). An initial denaturing step of 5 min at 95°C was performed;
followed by 35 cycles of 15 sec at 95°C, then 30 sec at 55°C, and 1 min of
extension at 72°C. For DGGE analysis, 400 ng of PCR amplicons generated
from each sample (pooled from replicate PCR reactions from individual samples
if necessary) were separated using the Bio-Rad D GENE System (Bio-Rad
Laboratories, Hercules, CA). The Gibco 100 bp ladder (Gibco BRL, Rockville,
MD) and a separate lane with 100 ng each of PCR product amplified from
chromosomal DNA of Clostridium perfringens and Micrococcus luteus (both from
Sigma-Aldrich, St. Louis, MO) were included in each gel as positional markers. A
linear gradient of denaturants ranging from 25% to 60% urea:formamide in a 6%
acrylamide gel matrix was used. Each gel was run at 60°C and 30 V for 30 min
then the voltage was increased to 130 V for 5 hours. Gels were stained with
SYBERGreen I (BioWhittaker Molecular Applications, Rockland, ME), and bands
were visualized using a Bio-Rad Gel Doc 1000 and Molecular Analyst software
(Bio-Rad Laboratories).
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GeiCompar v.4.0 software (Applied Maths, Kortrijk, Belgium) was used to

analyze DGGE images for pattern similarities. All band patterns were normalized
to the positional markers in each gel, thereby eliminating variation between
individual gels. A similarity index comparing all samples was calculated based
on the Dice coefficient (SD=2nAB/nA+nB) (where ha = the number of bands in lane
A, ne = the number of bands in lane B, hab = the number of common bands
between lanes A and B). This matrix was used to test for significant differences
within and between sites and to determine if there was a relationship between
sediment metal content and community structure.

Cloning and DNA sequencing.
Bands of interest were recovered from DGGE gels for analysis using
modifications of the protocol described by Sanguinetti (60). Briefly, bands were
cut from DGGE gels using flame sterilized razor blades, placed in sterile 500 pi
tubes, macerated with a pipet tip, mixed with 100 pi of elution buffer (50mM KCI,

10mM Tris, 0.1% Triton X-100, pH=8.0), and incubated at room temperature
overnight to elute the DNA from the gel matrix. The purified PCR products were
again amplified from the eluted bands as described above, purified with Qiaquick
PCR Clean-up columns (Qiagen, Valencia, CA) using the manufacturer’s
suggested procedure, and cloned into the pT7Blue-3 plasmid vector using the
Perfectly Blunt Cloning Kit (Novagen, Inc., Madison, Wl). Insert-containing
plasmid clones (individual colonies) were identified based on blue-white
screening, grown and harvested from 2ml overnight cultures of E. coli using
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Qiagen mini-prep kits (Qiagen, Valencia, CA) as recommended. To ensure that
the clones represented the DGGE band of interest, the plasmid clones were used
as templates for PCR using the 536fC~907r primer pair and the products
analyzed via DGGE alongside the original community PCR products. Partial 16S
rRNA gene sequences from confirmed clones were determined by MWGbiotech
(High Point, NC).

Phylogenetic Analysis.
Sequences were analyzed for completeness and checked for chimeric character
using the Ribosomal Database Project II (RDP II) Chimera Check program
(http://rdp.cme.msu.edu/html/) and sequences that appeared chimeric were
excluded from further analysis. The Sequence Match program on RDP II was
used to determine the closest known relative of all recovered hyporheic microbial
community sequences. Preliminary alignments of related sequences were
performed with the Sequence Align program on RDP II. SeqPup v.0.8 shareware
(http://iubio.bio.indiana.edu/soft/molbio/seqpup/java/seqpup-doc.html) was then
used to manually perform an optimal alignment of these sequences as needed.
Phylogenetic trees were generated from the aligned sequences using Paup
v.4.0b.8.a (Sinauer Associates, Inc., Sunderland, MA). Separate trees were
generated using Neighbor joining, Maximum parsimony, and Maximum likelihood
algorithms. Each tree was bootstrapped 100 times and a consensus tree
generated. The major branches of the consensus tree were used to identify the
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dominant groups in the hyporheic community from which group-specific primers

were generated for real-time qPCR analysis.

Real-Time Quantitative PCR (qPCR).

A suite of group-specific primers corresponding to the four major groups defined
by the phylogenetic analysis, were designed and used to monitor group-level
abundance across the metal contamination gradient. All primer pairs (Table 2)
were generated from consensus sequences created from aligned sequences for
each phylogenetic group and tested for self-complementarity (using Mac Vector
software, International Biotechnologies, Inc., New Haven, CT), secondary
structure (using M-fold software) (40, 76), and group-level specificity (using the
RDP II probe match program,
http://rdp.cme.msu.ed u/cqis/probematch.cqi?su=SSU). Each primer pair was
tested against all other members of its target phylo-group and all members of the
other phylo-groups by PCR analysis of the suite of band clones and no cross
amplification was observed. Real time qPCR reactions were performed using a
Bio-Rad iCycler (Bio-Rad Laboratories) and the SYBERGreen I detection
method. Briefly, each 25 pi PCR reaction contained a 1X concentration of a
modified 10X Roche PCR buffer (Roche Diagnostics, Mannheim, Germany) (10

mM Tris-HCI, 0.3 mM MgCI2, 50 mM KCI, pH = 8.3, 1:10,000 dilution of
SYBERGreen I), 6.25 mM each dNTP, 10 pmol each primer, 7% DMSO, and
1.25 U of Taq polymerase (Roche Diagnostics, Mannheim, Germany). Separate
standards were designed for each targeted phylogenetic group from our clone
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library as follows. Five different clones from each phylogenetic group were
restricted with Not1 (Promega, Madison, Wl) as per the manufacturer’s
suggested protocol, and mixed together in equal proportions. The plasmid copy
number/pl was determined for each standard mixture based on the calculation
(gg of cut standard plasmid mixture/pl • (molecules • bp/1.05x1015pg) • 1/3821
bp per plasmid = # plasmid copies/pl). Real time qPCR reactions were then run
on serial dilutions of the standard mixtures, to relate threshold cycle number to
copy number of target sequences and to generate standard curves for
quantification in unknown samples. Typically, standard curves were linear
across 5 orders of magnitude (107 - 102 copies). Unknown samples that fell
above or below this linear range were diluted or concentrated, respectively, to
bring the target copy number into the linear range of detection.
The following PCR conditions were used to quantify the numbers of copies
per gram of sediment (copy #/g) of each of the defined phylogenetic groups.
Group I: 5 min at 95°C then 45 cycles of 15 sec at 95°C, 30 sec at 58.4°C, and 1
min at 72°C. Group II: 5 min at 95°C then 45 cycles of 15 sec at 95°C, 30 sec at
59.4°C, and 1 min at 72°C. Group III: 5 min at 95°C then 40 cycles of 15 sec at
95°C, 30 sec at 61.5°C, 1 min at 72°C. Group IV: 5 min at 95°C then 40 cycles of
15 sec at 95°C, 30 sec at 57.3°C, and 1 min at 72°C. Fluorescence was
measured in each cycle after the 72°C extension period.

Phospholipid Fatty Acid Analysis (PLFA).
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PLFAs were extracted and analyzed according the method of White and
Ringelberg (71). Briefly, lipids were removed from samples into chloroform using
a modified Bligh and Dyer extraction procedure. Phospholipids were separated
from other lipids by silicic acid chromatography and derivatized to fatty acid
methyl esters (FAMEs) for analysis by gas chromatography. Two capillary
columns of differing polarity (HP-5 (crosslinked 5% phenyl methyl silicon) 50m x
0.32 mm x 0.52 urn film, HP-225 ( 50% CNPrPh Me Siloxane) 30m x 0.32 mm x
0.25 urn film) were used to identify 32 FAMEs by comparison of retention times
of suspected FAMEs to retention times of purchased standards. FAME
identifications were confirmed by GC-MS.

Microscopic enumeration of bacteria.
Bacterial cells associated with 1 g samples of lyophilized sediment were
enumerated as described previously (24). One slide was made for each column
sampled, and 30 fields of view or 400 cells counted from each slide.

Statistical analyses.
All statistical tests for DNA-based measures were run using NCSS 2001 (NCSS,
Kaysville, UT). Statistical analyses used to analyze PLFA data were performed
with SPSS software (version 10.0 SPSS Inc.). A p value = 0.05 was set as the
significance threshold for all Tukey-Kramer multiple comparisons tests.
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Results
Contamination index.
Contamination index (Cl) values were calculated for the hand-sieved sediment
samples gathered from each location (Fig. 2). SB, the location closest to the
copper mine in Butte, MT, had the highest Cl value. The GC and CF sites are
located downstream in the same drainage as SB and correspondingly had lower
Cl values. The sites LB and BH are located in drainages that supported mining
activities at a smaller scale and thus exhibited lower levels of contamination. The
lowest Cl values were obtained in RC, a blue-ribbon trout stream which is
considered the most pristine of the sites sampled in this study. Together, these
six sites represent Cl values that decrease linearly across a wide range of
sediment metal content values.

Direct microscopic enumeration.
Direct microscopy was used to estimate bacterial densities associated with the
hyporheic sediments. The measured cell densities ranged between 1.73 x 107 to
1.27 x 108 cell number g'1 (dry wt.) of sediment (data not shown). An analysis of
variance (ANOVA) indicated that there were significant differences between sites
(Fsite = 11.82, p < 0.001). The Tukey-Kramer multiple comparison test was used
to determine significant differences (p < 0.05) between specific sites. The log cell
number g"1 values at GC were significantly higher than those found at LB, BH,
and RC. Conversely, the log cell number g'1 values at BH were significantly
lower observed for SB, GC, and CF. A linear regression analysis of log cell
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number g'1 of sediment vs. Cl did not reveal a direct relationship between
sediment metal content and bacterial biomass (R2 = 0.233, p = 0.33).

Phylogenetic analysis.
A phylogenetic analysis of the sequences recovered from the DGGE gel (Fig. 3)
was performed to determine if there were differences in the distribution of
phylogenetic groups along the contamination gradient. The closest matches of
the obtained sequences to known species were determined by comparison to the
RDP II database (Table 3). The majority of the sequences were most closely
related to known aquatic organisms or environmental clones previously
recovered from aquatic systems. A phylogenetic tree was generated from the
consensus of maximum parsimony, maximum likelihood, and neighbor joining
algorithms as described in the Materials and Methods (Fig. 4). There was no
clear pattern of species or group level distribution along the metals gradient.
Rather, sequences recovered from most streams were distributed throughout the
tree. Based on this analysis, four phylogenetic groups (I, II, III, and IV) were
defined for further analysis. The sequences represented in each group (only
those from this study) formed the basis for the development of the group-specific
primers used in the real time qPCR analyses.

Real time qPCR.
Real time qPCR was used to quantify the 16S rRNA gene copy number g'1 of the
four phylogenetic groups defined in this study. The copy number g'1 values of
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each phylogenetic group were plotted against the Cl to determine which groups
were most affected by the sediment metal content (Fig. 5). The response to the
sediment metal content varied among the four groups. Group I abundance was
not correlated with the Cl (R2 = 0.22, p = 0.34), although a general positive trend
was observed. The abundance of Group II was negatively correlated with the Cl
(R2 = 0.68, p = 0.043). Group III showed a strong positive correlation with
sediment metal content (R2 = 0.70, p= 0.037). Finally, Group IV abundance
showed no relationship with the sediment metal content (R2 < 0.001, p = 0.954),
and no apparent population trends.

DGGE pattern analysis.
Comparison of fingerprints obtained by DGGE analysis was used as a means of
describing the structure of microbial communities at each site. Visual
examination of the DGGE patterns (refer to Fig. 3) suggests that each site
supports unique molecular species, but a number of bands appeared to be
common to all sites. In addition, visual inspection suggests that the similarity
within a site is greater than the similarity between sites. To better quantify the
community structure differences within and between sites, and to test whether
there was a relationship between community structure and the Cl, a similarity
matrix was constructed based on the Dice coefficient. AN OVA indicated that
there was a significant difference between the within-site and between-site
similarity scores

(Fcompanson type =

109.57, p < 0.001), indicating that there is more

variability in community structure between-sites than within a site. The mean
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dissimilarity scores calculated between sites (i.e. SB vs. LB, BH vs. GC, etc.), for
all pair-wise combinations, were plotted against the difference in contamination
index between the two sites (Fig. 6A). There was a significant positive linear
relationship between the DGGE pattern dissimilarity and the difference in the Cl
value between sites (R2 = 0.669, p < 0.001).

PLFA analysis.
Since particular PLFAs can be associated with specific microbial populations or
groups, the relative abundance of each identified phospholipid was determined to
assess whether there were any identifiable patterns of distribution. Sites with
higher Cl values (SB, GC, CF) exhibited a greater proportion of prokaryotic fatty
acid markers relative to the sites with lower Cl values (LB, BH, RC) (data not
shown). Conversely, the sites with lower Cl values (LB, BH, RC) had higher
relative abundances of markers for certain eukaryotes and actinomycetes (data
not shown). Specifically, the low Cl sites tended to have higher amounts of
18:3co6, 18:2g)6, and 10me16:0, markers for diatoms, fungi, and actinomycetes,
respectively. By contrast, SB, GC, and CF tended to have greater amounts of
monoenoic, branched and short chain fatty acids. However, these are merely
qualitative trends and not consistent along the metals gradient. For example, GC
contains a relatively high proportion of the fungal marker 18:2©6 and other
eukaryotic markers (18:3co5 and 20:5). Thus, the examination of individual fatty
acid markers did not reveal a clear relationship between microbial phospholipids
and the Cl. To further explore possible relationships, we used principle
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component analysis (PCA) and linear modeling. Since some of the eukaryotic
markers were not present at all of the sites, we considered only the bacterial
phospholipids for the PCA. The first two principle components of the
phospholipid fatty acid analysis were unable to clearly separate the six sites
(data not shown). However, a significant negative linear relationship was
observed when we plotted the first principle component of the PLFA vs. Cl (R2 =
0.371, p = 0.009) (Fig. 6B). Linear regression analysis of each dissolved anion
versus the community response variables (DGGE community similarity, PLFA PC
1, and Real time qPCR data) revealed no significant relationships (data not
shown).

Discussion:
The rationale for this study is grounded in the river continuum concept (68),
which states that two streams with similar abiotic characteristics will support
similar biotic assemblages. Therefore, if the fluvial deposition of heavy metals
has an influence on microbial community structure there should be a greater
similarity among the hyporheic zone communities in sites with similar Cl values.
This influence should be apparent regardless of the stream size or sampling
location assuming that metal impacts dominate geomorphic differences between
streams. To test this hypothesis, we made use of natural stream sites
representing a gradient of metal contamination, which can be useful for
determining the degree to which metal contaminants influence microbial
community structure (1, 15, 26, 49). Utilizing this rationale, a field study was
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designed which sampled along a 200 km stretch of the Clark Fork River and
several other streams to demonstrate that the structure of hyporheic microbial
communities is controlled, in part, by the sediment metal levels
To our knowledge, there are no prior investigations relating the same
types and ranges of metal contaminants used here to changes in river sediment
microbial communities. However, previous investigations of terrestrial systems
have shown similar community level responses to heavy metal contamination (1,
15, 25, 49, 58, 61).
The absolute size of microbial communities (i.e. standing microbial
biomass) has previously been shown to be relatively insensitive to heavy metal
contamination (1, 26, 33, 61). In the current study the measurements of bacterial
cell densities based on direct microscopic enumeration indicated that the total
bacterial abundance in the hyporheic zone was unaffected by elevated sediment
metal levels. However, it was apparent that the abundance of individual
phylogenetic groups inhabiting the hyporheic zone differed along the
contamination gradient. If the group delineations (Group I, II, III, IV) are
extended to encompass broader phylogenetic groups (i.e. a-, (3-, y proteobacteria, and Cyanobacteria, respectively) suggested by phylogenetic
analysis, then these hyporheic zone data differ from trends seen in a prior
studies of metal contamination in terrestrial environments. Sandaa et al. (57),
studying soils amended with metal-rich sewage sludge, found decreases in a-, pand y -proteobacteria. By contrast, the hyporheic zone communities exhibited a
decrease in a-proteobacteria but no significant change in P-proteobacteria and
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an increase in y -proteobacteria with increasing metal contamination. In a

different study utilizing RISA (ribosomal intergenic spacer analysis), changes in
soil microbial communities in response to Hg (II) exposure were attributed to the
appearance of previously undetected (3-proteobacteria and low G+C gram-

positives (54, 55). The observed differences between these studies suggest that
the nature of both the contaminant(s) and the environments in which they are
deposited play roles in the response of indigenous microbial communities to
heavy metal contamination.
A variety of studies have utilized DNA and phospholipid markers to
demonstrate changes in microbial community composition due to heavy metal
contamination (1, 25, 26, 31, 49, 55, 57, 59, 61, 70). Wenderoth and Reber (70),
using ARDRA, indicated that soils contaminated with Zn and other metals tend to
support predominantly gram-negative organisms. Likewise, Sandaa et al. (57)
found increased populations of gram-negative a-proteobacteria along with
decreases in gram-positive and other gram-negative lineages in soils amended
with metal-rich sewage sludge. Phylogenetic analysis of partial 16S rRNA gene
sequences, recovered from each of the streams sampled in the current study
indicated that the hyporheic microbial communities were predominated by gramnegative bacteria with no obvious relationship to the metal gradient (Table 3 and
Fig. 4). Several of the sequences obtained were not highly related to known
organisms and therefore gave little indication of species level identifications
(Table 3). This was an expected finding since microbial communities inhabiting
the hyporheic zone are relatively unexplored. However, these sequences
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consistently grouped with known gram-negative microbes (Fig. 4) previously
shown to reside in aquatic systems (27).
DGGE and sequence analysis has previously been used to demonstrate
changes in soil Archaeal communities exposed to increasing levels of heavy
metal contaminated sewage sludge (57). Similarly, the DGGE data in the current
study indicated a direct linear relationship between the degree of metal
contamination and the similarity of microbial communities between streams.
PLFA analysis has been used previously to demonstrate that Cd, Cu, Ni, Pb, or
Zn select for prokaryotic phospholipid markers over those representative of fungi

(26).
Similarly, our PLFA data indicated an increased proportion of prokaryotic
markers at sites with high Cl values and increased abundance of fungal and
other eukaryotic markers at sites with low Cl values. However, other
investigators have found opposite trends in soils contaminated with Cr, Pb, and
hydrocarbons (61). Thus, the preponderance of evidence in this and prior
studies indicates that microbial communities in a variety of environments are
affected by the presence of heavy metals, but no general conclusions can be
made regarding specifically how communities in different environments will
respond to various metals.
Based on the data in the current study, it appears that these hyporheic
communities do not respond to the presence of metals at the level of total
community biomass, but rather at the level of which specific bacterial populations
or groups comprise the community, and their relative abundance. It is
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acknowledged that predation (29, 32) and dissolved organic carbon (DOC)

quality and quantity (9, 22, 50, 75) can have effects on the size and structure of
microbial communities. Determining the effects of the former was beyond the
scope of this investigation, and DOC levels were generally below the limit of
detection (< 5 pg / ml) within the streams sampled (data not shown). Therefore,
we attempted to address the effects of available nutrients on the microbial
community structure within each stream by measuring a suite of dissolved anions
in the pore water. The lack of correlation between measurable nutrients and
community structure lends support to the conclusion that sediment metal loads
play a substantial role in controlling bacterial community structure in the
hyporheic zone of the streams studied.
Other studies have suggested that physiological stress caused by the
toxic effects of metals leads to selection of less diverse communities comprised
of metal resistant populations (1, 15, 49, 59, 70) and a general suppression of
metabolic activity (1, 8, 16, 34, 48). Close examination of the community-level
measures described here, and the results of a separate activity-based study (24)
do not support those hypotheses. There was no apparent correlation between
sediment metal content (Cl) and diversity as indicated by DGGE pattern
complexity in the current study, nor in total productivity as indicated by 14Cleucine incorporation (24). These data indicate that metal stress in fluvial
environments doesn’t reduce biomass, diversity, or productivity as previously
suggested for soils (1, 8, 16, 34, 48, 59, 70). Rather, the structure of microbial
communities changes (i.e. population/group-level composition and relative
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abundance. One prior study suggested that compensatory changes in response
to metal toxicity may alter genotypic and/or phenotypic characteristics of a
community at metal concentrations below thresholds that impact metabolic
activity (1). The results presented here lend support to that hypothesis.
The sediments that underlie a river represent a microbial habitat important
to the cycling of nutrients in streams (7, 44). To date, the communities residing
in these habitats have generally been characterized at the process level using
activity-based measurements such as total microbial biomass, respiration rates,
and bacterial production rates (2, 14, 19, 20, 22, 23, 45, 50, 51). Fewer studies
have attempted to define or describe the taxa that comprise these communities,
especially using molecular techniques (4, 62). Molecular characterization of
these communities may have important implications for river restoration
decisions because, without an accurate understanding of the ecology of natural
hyporheic populations, it may not be possible to know whether normal community
functions have been impacted or subsequently restored in a river ecosystem
since measures with coarse resolution show little or no response. Here, we have
utilized moderate- to high-resolution molecular techniques to demonstrate a
correlation between bacterial community structure within the hyporheic zone and
the sedimentary metal loads therein. The information presented here may guide
future experiments and improve our ability to predict long-term effects of metal
contamination on river ecosystems and indicate how impacts on microbial
communities may be translated to, and thus explain observed perturbations at,
higher trophic levels in riverine ecosystems.
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G IIF / forward prim er2 (5'-3*)
GGGYAGAGGGGGATGGAA
G H R / R( verse Primer 2 ( 3 -5 '}
CCCTAAACGATGTGAACTGG
G IHF/ Forward prim er 2 (5-3')
QAAATGCGTAQ AG ATGGQG AG

G roup II
Product size = 171 nt

Group HI
Product size =» 143nt

Cyanbacteria group
Product size = 86nt

GIF / Forward prim er (5 -3')
AACACCAGTGGCGAAGG
GIR / Reverse Prim er 2 (3‘-5*)
GAGCAAACAGGATTAGATACCO

G ro u p !
Product size = 83

CNF / Forward prim er F1 (5'-3')
CCWGTAGTCCTAGCCGTAA
CNR / Reverse Prim er 2 (3'-5‘)
GTAAOGCGTTAAGTATGGOG

0
208

60.16
60.4

133

0

0

60,4

62.57

0

17

80.81

62.18

11

# o f matches in RDP

59.81

Tm

GIIIR / Reverse Prim er 2 (5'-3')
ACRTCCAGTTCGCATCGTTTAGG 62.77

Probe Nam e'sequence

Targeted group

Table 2 .16S rDNA primer pairs generated for qPCR ananlysis

Cyanobacteria

Gam ma proteobacteira

Beta proteobacteria

A lpha proteobacteria

G roup most closely affiliated with

Table 3. Closest match of cloned DGGE bands to known species
Site and C lone n a m e
SB-1
SB -2
S B -3
SB-B
S B -8
S B -1 3
S B -14
G C -1
G C -2
G C -3
Q C -4
G C -7
<3 C - 8
G C -9
C F-1
C F -2
C F -3
°F -5
C F -6
C F '7
C F -8
LB_1
L ® '2
LB -3
LB_4
L®*®
LB'®
|-B"“
“ [T l

®|T”
jjjjT lI
RC-1
R ~ \>
,,r. '
S iT ?
p ifj
a C '_ j

R f, „

Best Match to known species in RDP____________Sab Score.

Xanthom onas hyacinthi LM G 7 3 0 (T)
Rhodoferax unidentified proteobacterium arcSS
M atsuebacfer chitosanotabidus
Leptothrix discophora str, S S -1 A T C C 43182
Rhodobaoter sphaeroides I F O 12203
Dictyoglomus thermophiium str. H -6 -1 2 D S M 3 9 6 0 (T)
Rhizobfum sp. str. C iA M 2 9 2 7
Aquabacterium commune str. B 8
Nrtrospira cf. moscoviensis SBR2Q4S sir. SBR2Q46
Pirellula uncultured Pirellula cione 5 H 1 2
Hypbomicrobium denltrtficans str. X D S M 1868 (T)
Thiobacitlus aquaesulis
Lutelmonas mephitis str. 8195 3 /2 7 .1
Rhodococctis erythropotls D S M 4 3 1 8
Sphingom onas subterranea I F O 16086
Catothrix desertlca P C C 7102
Desulfobulbus rhabdoformis 16S ribosomal R NA gene, complete
Bacteria species DNA for 18S ribosomal R N A gene (strain 1FAM 2 0 7 4 )
Methytocystis parvus
Acldobaoterium subdivision Environmental R B group (cions R B 30).
Hydrogenophaga paiferonii str. S I Q S M 6 3 (T)
Leptothrix M B IC 3364 str. M B IC 3364
Nitrospina subdivision Environmental clone 2 0 2 7 group (clone 11-25)
Cham aesiphon subglobosus P C C 7 4 3 0
Nostoc Q S V 2 2 4 str. Q S V 2 2 4
G eobacter sp. str. JW -3
Azospirtllum doebereineraa str. 6 3 f
Aquabacterium com mune sir. B 8
Unidentified eubacterium from the Am azon 1 6S ribosomal R N A g e n e
Unidentified eubacterium from the Am azon 1 6S ribosomal R N A g ene,
Rhizobium C J5 str. CJ5, 2 4N U S DA 3 3 9 8
Planctomyces sp. str. Schlesner 6 4 2
Rhodoferax unidentified proteobacterium arc53
Pirellula staleyl
Pelobacter carbinolicus
Janibacter thuringensis
Uncultured eubacterium H1.2.1 isofoated from a deep sub-surfacepaieosoi
Acidovorax G8B1 str. G8B1
Cam am orias sp. 16S rRNA gene, isolate 158.
Rhodofsrax unidentified proteobacterium aro53
Leptothrix M B IC 33 6 4 str. M B IC 3364
Xanthom onas melonis L M G 8 6 7 0 (T)
Frateuria aurantia IF O 3 24 5 (T)
Mount C obf-tha region (Brisbane, Australia) 5-1 Ocm depth soii D N A clone M C 2 6
Aquabacterium com mune str. B8
Hypbomicrobium dehitrlficana str. X D S M 1869 (T)
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0 .6 9 2
0 .9 4 9
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0.931
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0 .8 4 6

Figures
Figure 1. (A) Map of field sampling sites. Each stream sampled is indicated by a
O (SB = Silverbow Creek, GC = Clark Fork at Gold Creek, CF = Clark Fork at
Rock Creek, LB = Llttleblackfoot River, RC = Rock Creek, BH = Big Hole River.)
(B) Column placement at each site consisted of 5 replicate sets of columns
placed at the head of 3 sequential riffles. The distance between column sets
depended on the distribution of the riffles in each stream. The dimensions of the
columns are indicated.
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Figure 2. Bar graph of contamination index (Cl) values (mean and standard
errors, n = 3) for sediments sieved from each site. SB = Silver bow Creek, GC
Clark Fork River at Gold Creek, CF = Clark Fork River at Rock Creek, LB =
Littleblackfoot River, BH = Big Hole River, RC = Rock Creek.
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Figure 3. DGGE profiles of microbial communities inhabiting each river site.

PGR products were synthesized using the universal primer pair 536fc-907r.
Labels above each lane indicate which site the pattern represents. Three
samples were analyzed from each site. Clostridium perfringens (C.p.) and
Micrococcus luteus (M.l.) were used as reference patterns during the
normalization procedure in Gel Compar. Numbers and arrows indicate which
bands were cut and sequenced for the phylogenetic analysis.
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Figure 4. Phylogenetic tree of partial 16S rDNA sequences amplified with the
536f and 907r universal 16S primers. The symbols • and ■ represent
branches that are supported by maximum likelyhood, maximum parsimony, and
= 50 < x <
neighbor joining analysis with the following bootstrap values (x),
74%, ■ = x > 74%.
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}

Group IV

Figure 5. Abundance of bacterial groups across sites. Linear regressions of
mean and standard errors (n = 3) of 16S rDNA copy number/g of sediment v.s.
Contamination Index. Each plot represents a separate qPCR response variable.
Ap group = Appendaged group, A/R = Aquabacterium/Rhodoferax group, N/C
group = Nostoc and Chamaesiphon group, and Ps group = Pseudomonad group.
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Figure 6. Linear regressions of community structure measures vs. contamination
index. (A) DGGE dissimilarity scores vs. the difference in contamination index
between all sites. (B) First principle component of the bacterial PLFA analysis'
vs. the contamination index. Lines represent the best linear fit of the data
included in the graph.
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Abstract
Heavy metals contaminate numerous freshwater streams and rivers worldwide.
The majority of studies investigating the biotic impacts of heavy metals in lotic
environments have described changes in benthic macroinvertebrate
assemblages in relation to contamination levels. However, these studies ignore
the negative impacts on hyporheic microbial communities, which potentially play
an important role in the functioning of lotic ecosystems. Previous work in our
group has demonstrated a relationship between the structure of hyporheic
microbial communities and the fluvial deposition of heavy metals along a
contamination gradient. However these studies did not determine whether there
were seasonal fluctuations in the observed relationships. Seasonal variation has
been documented in microbial communities in numerous terrestrial and aquatic
environments, including the hyporheic zone. As an extension of our previous
work we monitored the structure of hyporheic microbial communities along a

heavy metal contamination gradient for more than a year. DGGE pattern
analysis indicated a strong and consistent linear relationship between microbial
community composition and the heavy metal gradient (R2 = 0.58, p < 0.001).
However, there was no relationship between the total abundance of bacteria and
the heavy metals (R2 = 0.02, p = 0.83). The correlation between the heavy metal
contamination and the abundance of four phylogenetic groups (most closely
related to the a, (3, y- proteobacteria, and cyanobacteria) was only apparent
during the Fall and early Winter. We suggest that susceptible populations exhibit
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a response to elevated heavy metals only during seasons where the potential for
growth is highest.

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Introduction:
Wastes containing heavy metals contaminate numerous aquatic environments
worldwide as a result of large-scale mining activities (44). Heavy metals reduce
water quality and harm many organisms (9, 38, 44, 65). The alteration of
streambed geochemistry due to acid mine drainage (AMD) and the introduction
of mine tailings into streams is well known (44). However, the resulting effects
on the resident microbial communities are poorly understood. Heavy metal
contamination has been shown to alter the activity and composition of microbial
communities in terrestrial ecosystems (1, 3, 4, 14^ 27, 35, 43, 49, 58, 67), and
previous work in our laboratory has demonstrated a relationship between fluvially
deposited metal contamination in the hyporheic zone and the resident microbial
community structure (16).
The hyporheic zone has recently been recognized as an important
component of lotic ecosystems (19, 52, 54, 63, 64). The microbial communities
that inhabit this zone make up the majority of the biomass and activity in river
ecosystems (10, 24, 25, 51), are an important food source for grazing aquatic
insects (53), can play significant roles in nutrient cycling and retention (53) ((45),
and can explain 76 - 96% of the variation in ecosystem respiration (46).
Therefore, changes in the hyporheic microbial community structure in response
to the introduction of anthropogenic contaminants may be translated to higher
trophic levels.
Seasonal variation has been well documented in microbial communities in
numerous terrestrial (18, 31, 57, 60) and aquatic environments (2, 5, 14, 28, 37,
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50, 61). Similarly, the hyporheic microbial communities inhabiting pristine
streams of the Rocky mountain west exhibit seasonal patterns in abundance and
diversity (17). The purpose of the current study was to determine if the response
of hyporheic microbial communities to fluvially deposited heavy metals also
varies seasonally.

Materials and Methods:
Study sites
The sampling locations and experimental design for this study are described
elsewhere (16). Briefly, shallow hyporheic zone sediments were collected by
hand sieving the 1.7 - 2.36 mm size fraction from six different river sites in
Western Montana that represented a wide range of sediment metal values.
Sediments were packed into porous PVC columns and buried in the shallow
hyporheic zone (5 - 25 cm) in their source streams in 3 groups of 5 columns at
the heads of three consecutive riffles. By placing the columns at the heads of
riffles we ensured that the pore water at these locations would be dominated by
the influx of surface water. Thus, the potential for influx of ground waters was
reduced and therefore the variability between sampling locations within and
between streams was also reduced. Columns were placed in three groups of
five to provide replicate samples (n = 3) from each site for each of the 5 sampling
time points. One column was harvested from each riffle within each site at 5
different time points over the course of 2000 - 2001. Each column was treated
as an independent replicate for all statistical analyses. At the time of sampling
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sediments were removed from their columns, washed briefly in stream water to
removed any fine grained sediments that may have accumulated in the column,
transferred to sterile whirl-pack bags (Fisher Scientific Company, Hanover Park,
11), and placed on dry ice. Upon return to the laboratory frozen sediments were
lyophilized in a Freezemobile 24 (Virtis Gardner, NY) then stored at -70°C prior
to subsequent analyses.
Total recoverable metals associated with sediment samples were
measured and converted to contamination index values as described previously
(16). Sediments from these six different sites contained metal concentrations
that spanned a linear range over two orders of magnitude. Concentrations of

heavy metals associated with streambed sediments were combined into a
contamination index (Cl). Cl included a cumulative measure of the sediment
ppm values of As, Cd, Cu, Pb, and Zn, and was calculated as described
previously (48). Dissolved anions (NO 2 ', NCV, and PO 4 3") in the pore water of
each sampled riffle were measured and used as an estimate of the nutrients
available within each site over time. Methods for obtaining water samples and
the techniques for determining dissolved anion values have been described
previously (16). General physical characteristics of each stream throughout the
year were obtained from the USGS Montana stream-flow website
(http://waterdata.usas.qov/mt/nwis/current? tvpe=flow).
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DNA extraction
DNA was extracted from 1 g of lyophilized sediment recovered from each column
according to a modified version of the method originally reported by Yu and
Mohn (69). Modifications to this method have been reported in detail elsewhere
(16).

Denaturing Gradient Gel Electrophoresis and Gel Pattern Analysis
PCR amplicons of partial 16S rDNA sequences amplified using generally
conserved primers 536fc and 907r (32) were separated via DGGE. PCR
amplification, DGGE run conditions, and gel staining procedures have been
described in detail elsewhere (17). Briefly, the products from 4 replicate PCR
reactions were pooled to provide 400 ng of PCR product for DGGE analysis.
PCR amplicons were separated on a 6% acrylamide DGGE gel containing a 25 60% range of denaturants using the Bio Rad D-GENE System (Bio-Rad
Laboratories, Hercules, CA). A separate lane with 100 ng each of PCR product
amplified Clostridium perfringens and Micrococcus luteus DNA were included in
each gel as reference bands for between gel normalization. Gels were stained
with SyberGreen I (BioWhittaker Molecular Applications, Rockland, ME), bands
were visualized using a Bio-Rad Gel Doc 1000 in conjunction with Molecular
Analyst software (Bio-Rad Laboratories). DGGE band patterns were analyzed
for similarities using GelCompar v.4.0 (Applied Maths, Kortrijk, Belgium). Based
on the Dice coefficient SD=2nAB/nA+nB (where nA = the number of bands in lane
A, ne = the number of bands in lane B, nAe = the number of common bands
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between lanes A and B) a similarity matrix representing comparisons between all
replicates, river sites, and time points was calculated. This similarity matrix was

utilized to describe changes in community composition within and between sites
over time and to determine a relationship between community composition and
the sediment metal content.

Real-time quantitative PCR (qPCR)
Group-specific primers that detect organisms most closely related to the a, (3,
and y-protoebacteria and cyanobacteria (Groups I, II, III, and IV, respectively)
were described previously and used to quantify the abundance and distribution of
each group via qPCR (16). Quantitative PCR reactions were performed using a
Bio-Rad iCycler (Bio-Rad) and the accumulation of amplicons detected by the

incorporation of Sybergreen I into the PCR product. PCR amplification
conditions for each primer set have been described previously (17). Unique
standards were designed for each targeted phylogenetic group using linearized
plasmids from our clone library have been described elsewhere (16). Serial
dilutions of each standard mixture were used to generate standard curves for
quantification of target sequences in unknown samples. Threshold cycles for
each diluted standard were highly correlated to the log of the known target copy
number and typically linear across 5 orders of magnitude (107 - 102 copies, R2 =
0.99 - 0.97). Unknowns that fell outside this range were adjusted by dilution or
concentration to bring the target copy number into the linear range of detection.
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Microscopic enumeration of bacteria

Bacterial cell densities were determined by direct microscopic enumeration of
bacterial cells associated with one-gram samples of lyophilized sediment as
described previously (26). A single slide was prepared from the sediments
recovered from each column and 30 fields of view or 400 bacterial cells counted
from each slide.

Statistical analysis of data
Analysis of variance (ANOVA) and Tukey-Kramer multiple comparisons tests
were used to determine significant differences in bacterial cell densities between
sites and across time. Multivariate analysis of variance (MANOVA), AN OVA, and
Tukey-Kramer tests were used to determine significant differences in
phylogenetic group abundance between sites and time points. Linear regression
was utilized to determine if there were direct relationships between the predictor
variables (dissolved anions in the pore water and the sediment metal
concentrations) and the microbial response variables (bacterial cell densities,
DGGE pattern similarities, and phylogenetic group abundance). All statistical
tests were performed using NCSS 2001 (NCSS, Kaysville, UT). A p value of

0.05 was set as the significance threshold for statistical tests. Assumptions for
ANOVA, MANOVA, and linear regression were met by all data.
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Results
To explore the relationship between microbial community structure and fluvially
deposited heavy metals, we related the microbial community responses to an
estimate of metal contamination at each site (Cl). As shown in Figure 1, the
concentrations of each metal were relatively constant over the course of the
study (2001-2002), thus the mean and standard error of the Cl values (Table 1)
for each site were used for the linear modeling discussed below.
DGGE analysis was used as a means of describing the structure of
microbial populations at each site during 2000-2001. Visual examination of
DGGE patterns is both subjective and qualitative making it difficult to relate
perceived pattern differences to other measured environmental factors. To
remove this subjective bias, we utilized GelCompar v.4.0 (Applied Maths)
software to generate a similarity matrix that compared each possible pair of
patterns generated from samples taken at each time point (data not shown). To
determine whether community structure was correlated with the measured
environmental factors, the mean similarity scores for each between-site
comparison were plotted against predictor variables, including the difference in
dissolved N 0 2", NO 3 ', and P 0 43', and the difference in the metal content of the
sediments (presented as the difference in the contamination index (Gl).
Correlation coefficients relating microbial community similarity with dissolved
anion measurements were consistently low (R2 range = 0.05-0.36) with a trend
towards non-significance (p value range = 0.01 - 0.25) (Table 2). None of the
individual anions demonstrated consistent, strong, and significant relationships
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with microbial community similarity. However, if all data points from the entire
sampling time course are included in the regression, a weakly significant
relationship was detected between each dissolved anion and community
similarity between sites (mean R2 = 0.13, mean p value <0.001) (Table 2). By
contrast, a consistently significant (p < 0.001) and strong relationship between
microbial community structure and Cl (the heavy metal content of the sediments)
was observed (Table 3). The strength of this relationship varied little throughout
the course of the study (R2 range = 0.62 - 0.77).
Direct microscopic enumeration was used to estimate total bacterial
biomass at each site over the course of this study (Fig. 3). There were significant
differences in cells g'1 values among the sampling locations
0.001), among sampling dates

(F d a te

( F Site

= 15.29, p <

= 10.04, p < 0.001), and that cells g"1 values

were significantly affected by the interaction between site and time

( F s ite x tim e =

4.66, p < 0.001). However, a post-hoc multiple comparisons test (Tukey-Kramer)
revealed that two GC samples alone (9-00 and 10-01) were the cause of the
significant difference between sites. No significant relationship between total
bacterial biomass and Cl was detected during the course of the study (Table 3, p
value range = 0.12 - 0.93). Nor were the cells g'1 values significantly correlated
with any of the dissolved anion values (not shown, p value range = 0.07 - 0.99).
Quantitative PCR (qPCR) was utilized to monitor changes in relative
abundance of specific microbial populations inhabiting the hyporheic zone of
each site over the course of the study. Four separate phylogenetic groups were
monitored using primer sets developed for Groups I, II, III, and IV (most closely
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related to the a, (3, and y-protoebacteria and cyanobacteria, respectively) from
partial rRNA sequences obtained from these sites as described previously (17).
MANOVA indicated that the qPCR response variables were significantly
affected by both the site and sampling date (Wilks Lamda

F Sjte =

1.73, p = 0.054

and Fdate = 3.69, p < 0.001). However, the interaction of the two factors, site and
date, was not significant (Wilks Lambda

F Sit e x d a t e

= 0.94, p = 0.623). To

determine which response variables (i.e. which populations in the hyporheic
community) were responsible for these significant interactions, individual
ANOVA’s were performed on each qPCR response variable. The abundance of
Group I was significantly affected by sampling site
by sampling date

(F d a te

( F Sit e

= 2.44, p = 0.08). The opposite was true for Group II,

which was significantly affected by the sampling date
not by the sampling site

( F Srte

affected by sampling date
0.15), as was Group IV

= 3.10, p = 0.03) but not

= 3.85, p = 0.017) but

= 1.28, p = 0.31). Group III was also significantly

(F d a te

( F d a te

(F d a te

= 14.13, p < 0.001) but not site (FSite = 1.85, p =

= 4.47, p = 0.009;

F S jt e

= 1.87, p = 0.14,

respectively).
To test for a relationship between sediment metal content and the
abundance of each phylogenetic group, the copy number g'1 values were plotted
against Cl (Fig. 4). Of the four phylogenetic groups monitored, three
demonstrated a significant relationship with Cl (p < 0.05) (Table 3 and Fig. 4).
The strength and significance of these relationships were not constant over the
course of the study. However, by separating time points we were able to reveal
for which phylogenetic groups the abundance was correlated with Cl, and when
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that relationship was significant. Group I was significantly negatively correlated
with the Cl only during the winter (November 2000) and early spring (April 2001)

(R2 = 0.96, p = 0.003 and R2 = 0.80, p = 0.038, respectively). Group II showed a
negative correlation with Cl for most of the year, but it was only significant during
the fall of 2000 (September, 2000) (R2 = 0.67, p = 0.044). Group III tended to be
positively correlated with Cl, however this relationship was only significant during
the fall of 2000 (R2 = 0.70, p = 0.037) and demonstrated a positively correlated
trend (p < 0.10) during the early spring of 2001 (R2 = 0.74, p = 0.059). Group IV
appeared unaffected by sediment metal content, with correlation coefficient
values (R2) ranging between 0.001 and 0.37. At no time was the abundance of
Group IV significantly correlated with the Cl (p > 0.05).

Discussion:
Previous work has demonstrated a correlation between microbial community
structure and metal contamination in soils (1, 3, 4, 14, 27, 35, 43, 49, 58, 67) and
aquatic ecosystems (9, 11, 12, 16). It is also well known that natural microbial
populations can exhibit seasonal fluctuations in response to various
environmental factors (14, 17, 18, 26, 28, 50, 61). However, to the best of our
knowledge, this is the first investigation to consider the impact of seasonal
changes on the relationship between heavy metal contamination and microbial
community structure. This field study was performed as an extension of prior
work on hyporheic microbial communities (16) in order to determine if the
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observed relationship between hyporheic microbial community structure and
fluvially deposited heavy metals vary seasonally.
The Clark Fork River has been historically contaminated with a mixture of
metals from activities at a large-scale copper mine in Butte, MT during the past
century (44). lyietal contamination in the river is characterized by a gradient of
sediment metal concentrations that decreases with distance downstream from
Butte (39). Naturally occurring gradients, similar to the metal gradient present in
the Clark Fork River, have proven useful for studying the effects of a
contaminant(s) on natural populations in a variety of systems (1, 13, 26, 27, 49,
58).
A number of metals are enriched in the contaminated sites sampled for
this study and these have all originated from the same ore deposit. Due to their
common origin, the concentrations of all the metals co-vary with distance
downstream. Therefore, it is impossible to discern the effects of any individual
metal on the hyporheic microbial community. However, by developing a
contamination index we were able to relate the microbial response variables to
an estimate of the total metal contamination experienced by the hyporheic
community. We utilized the concentration of metals associated with the
sediments rather than soluble metals in the pore water to construct our
contamination index since there were no correlations between any of the
microbial response variables and the soluble metal levels measured in the pore
water. This was perhaps not surprising given that only the two most highly
contaminated sites (SB and GC) had soluble levels of As, Cd, Cu, and Zn above
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the limits of detection and none of the sites had measurable levels of dissolved
Pb. However, this is not to say that the metals associated with the sediments are
not bioavailable. Previous work has described diurnal variations in dissolved
metal levels in the upper Clark Fork River (7) indicating variable dissolution and
bioavailability. Further, prior research has shown that microbes associated with
surfaces may have increased access to surface-associated materials, especially
when these have iimited solubility or diffusion (68) (36) (70) (30) (34) (40) (41).
Finally, the majority of the microbes in free-flowing systems such as the streams
studied here are associated with the solid phase rather than the water column
(10, 23-25). Therefore, the use of total metals associated with sediments should
provide a valid estimate of the magnitude of contamination that hyporheic
microbial communities are exposed to.
DGGE analysis indicated that the concentration of fluvially deposited
heavy metals (As, Cd, Cu, Pb, and Zn) impose a consistent selective pressure on
the hyporheic microbial community (Fig. 2). The strength of this relationship is
relatively constant throughout the year, with correlation coefficient values ranging
between 0.62 - 0.77. The significance of the relationship is also constant
(p<0.001). Microbial community structure in soils, as determined by phospholipid
fatty acid analysis, is also affected by elevated metal levels (1, 27, 49). However,
Palmborg et al. (49) have suggested that there is a risk of incorrectly assigning a
correlation between a community response variable and metal contamination
when there is potential for other environmental factors to co-vary with the metal
levels. To address this concern, we compared the similarity in microbial
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community structure between sites to the similarity in dissolved nutrients (NO3"

and PO4 2") between sites. In all cases the microbial response variables were
more highly and significantly correlated with the Cl than they were with dissolved
anion values.
The structure and function of microbial communities in aquatic
environments can also be affected by the quantity and quality of dissolved
organic carbon (DOC) (6, 20, 22, 59, 66). W e did not monitor this factor since
DOC values at these sites were determined to be below the limit of detection (< 5
mg/L) (47). However, since the riparian vegetation along a stream is the
predominant source of the DOC supplied to the hyporheic zone (8), and all of the
sites sampled had similar types of riparian vegetation, the quality and quantity of
DOC supplied to the hyporheic microbial communities should be similar. Thus,
variation in DOC between sites is expected to be small compared to the
difference in sediment metal content. The lack of correlation between the
dissolved nutrients and the community composition indicates that the metal
content of the hyporheic sediments in this system plays an important role in
structuring hyporheic microbial community composition.
The lack of correlation between total bacterial biomass and sediment
metal content is not unexpected, similar results have been noted in soils (27, 35)
and in our earlier work on hyporheic communities (16, 26). Rather, bacterial
biomass tends to be correlated with the quantity of available organic matter in
soils (33, 35, 49) and aquatic systems (15, 20-24, 61). The fact that our sites
show little variation in sediment-associated bacterial biomass further supports
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our assumption that the quantity of DOC supplied to the hyporheic zone within
each site is similar. We have also previously suggested that sediment metal
content doesn’t affect biomass, but does affect the specific composition of the
dominant phylogenetic groups comprising the community (16). Therefore,
increased sediment metal loads may select for metal tolerant communities that
achieve cell densities similar to that seen in uncontaminated streams.
The phylogenetic groups monitored in this study were defined based on
partial 16S rDNA sequences recovered from the study sites, and were shown to
correspond more broadly to different bacterial phyla (17). Thus, Group I consists
of members of the a-proteobacteria, Group II represents the B-proteobacteria,
Group III contains members of the y-proteobacteria, while the organisms in
Group IV are affiliated with known cyanobacteria. Therefore, although the tools
developed for these qPCR analyses are specific for the sequence types
recovered from our samples the results we present may be indicative of the
distribution of these larger phylogenetic groups and may have implications and
utility beyond the river systems studied here.
These phylogenetic groups exhibited seasonal abundance patterns. In
addition, three of the four groups monitored demonstrated significant correlations
with sediment metal content at certain time points. However, these relationships
were not apparent throughout the course of the study (i.e. they were also
seasonal). Specifically, elevated metals selected against Groups I and II, and
tended to select for Group III organisms. The first two groups have not
previously been monitored in metal contaminated sediments or soils. However,
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there are y-proteobacteria that are tolerant to Cd, Cu, and Zn, three of the metals
included in our index (29, 55, 56).
The apparent seasonality of the observed metal effects is of particular
interest. We hypothesize that susceptible populations feel the impacts of
elevated heavy metals, and respond accordingly, primarily during seasons where
the potential for growth is high. The majority of exogenous organic carbon that
enters lotic ecosystems in this region arrives during the fall and early winter
through the deposition of leaf litter (10, 53). This coarse organic matter is
processed by aquatic insects, fungi, and bacteria and eventually in entrained in
the hyporheic zone as DOC (42, 62). The entrainment of DOC normally
promotes increased respiration and growth in hyporheic microbial communities
(8, 22, 53). Thus, elevated heavy metal levels in the hyporheic zone appear to
inhibit the growth of Group I and II organisms when conditions would otherwise
favor their growth. Conversely, metals appear to promote the growth of Group III
organisms in similar circumstances, perhaps based on access to nutrients or
other factors not being utilized by inhibited populations.
This is the first investigation to reveal seasonal effects of fluvially
deposited heavy metals on hyporheic zone microbial community structure. While
effects of the sediment metal content on microbial community composition are
detectable throughout the year, correlation with the abundances of specific
populations is most prevalent during the fall and early winter. These findings
indicate the importance of considering seasonality when designing sampling
regimes to detect the presence or effects of fluvially deposited heavy metals on
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population sizes and community composition. Although the patterns reported

here represent a small sampling size (i.e. 6 rivers), it is hypothesized that similar
responses will be detected in other streams experiencing similar types of heavy
metal contamination. By describing and understanding this seasonal pattern, we
may be able to design better monitoring strategies for detecting the immediate,
as well as long term, impacts of heavy metal contamination on the biota of lotic
ecosystems.
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Tables
Table 1. Means (standard errors) of contamination index values for each field site.
SB

GC

LB

BH

0.63 (0.06)

0.30 (0.03)

GF

1.66 (0.06) 1.07(0.04) 0.88 (0.04}

RC

0.03 (0.02)
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Table 2. Correlation coefficients ( R2) and significance levels (p values, in parentheses) o f DGGE sim ilarity scores vs. each
dissolved inorganic nutrient.
_____________________
.
Environmental
factor

September
2000

November
2000

April
2001

NO 2-

0.09(0.165)

NGi

0.24 (0.025)

0.37(0.011)
0.05(0.362)

0.12(0.205)
0.31 (0.029)

PO*

0.14 (0.010)

0.36(0.018)

0.17(0.142)

July
2001

Oct.
2001

2000-2001

0.07 (0.245)
0.07 (0.230)

0.11 (0.142)
0.14 (0.064)

0.12 (< 0.001)
0.13 (c 0.001)

0.07 (0.246)

0.13(0.113)

0.14 (< 0.001)
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Table 3. Correlation coefficients and significance values for linear regressions of microbial community response variables vs.
Contamination Index for 2000-2001.
DGGE similarity scores
Date
sa m pled.
Rz p value
Sept. 2000
Nov. 2000
Apr. 2001
July 2001
Oct. 2001
2000-2001

0.87
0.63
0.77
0.66
0.62
0.58

< 0.001
< 0.001
<0.001
< 0.001
< 0.001
< 0 .0 0 1

Log bacterial cells/g
R2 p value
0.34
0.01
0.60
0.08
0.01
0.01

0.23
0.93
0.12
0.59
0.86
0,83

Group I
R2 p value
0.22
0.34
0.96 <0.01.
0.80
0.04
0.04
0.69
0.32
0.24
0.22
0.01

Group II
R2 p value
0.67
0.36
0.62
0.20
0.16
0.04

0.04
0.28
0.10
0.37
0,43
0.28

Group III
R2 p value
0.70
0.01
0.74
0.27
0.05
0.11

0.04
0.91
0.06
0.29
0.66
0.08
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Group IV
R2 p value
0.01
0.15
0.37
0.04
0.04
0.01

0.95
0.51
0.26
0.68
0.87
0.77

Figures
Figure 1. Each column represents the mean and standard error of sediment
heavy metal concentrations measured during 2000 - 2001 and included in the
contamination index. Log Cd concentrations are not included since they were
negative values. These concentrations are SB = 0.23 (± 0.3), GC = -0.24, (±
0.16), CF = -0.34 (± 0.01), LB = -0.58, (± 0.02), BH = -0.71 (±0.13), RC = -0.62
(± 0.08).
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Log As
Log Cu
Log Pb
Log Zn

Figure 2. Means and standard errors of percent difference in community

composition between sites vs. difference in the contamination index.
Comparisons are separated by sampling date as indicated in the figure legend.
Line represents a regression through all points on the graph.
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Figure 3. Means and standard errors of bacterial cell densities associated with
sediments gathered from each site and time point. No values are reported for
site BH during the 11-00 sampling due to bad weather conditions.
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Figure 4. Means and standard errors of group-level abundances as measured by
qPCR vs. the Contamination Index, (A) Group I, (B) Group II, (C) Group III, (D)
Group IV. Symbols represent the different sampling time points: ■ - 9-00, • =
11-00, a = 4-01, ♦ = 7-01, □ = 10-01. Regression lines only consider time
points that resulted in significant linear relationships between the group-level
abundance and the Cl.
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Chapter 5

Fluvial deposition of heavy metals effects the development of hyporheic microbial
community structure.

Kevin P. Feris1, Philip W. Ramsey1, Chris Frazar1, Matthias Rillig1, Johnnie N.
Moore2, James E. Gannon1, and William E. Holben1

1. Microbial Ecology Program, Division of Biological Sciences, The University

of Montana, Missoula MT 59812, USA
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Abstract
The use of biological systems as tools for assessing natural resource damage
due to heavy metal contamination is well established. However, current

methodologies for monitoring benthic macroinvertebrate communities are too
insensitive to allow for detection of subtile impacts of mild heavy metal
contamination. By monitoring communities that respond to lower levels of

contamination the ability to detect and demonstrate natural resource damage can
be improved. Prior field studies in our group have demonstrated a correlation
between the fluvial deposition of heavy metals and hyporheic microbial
community structure. However, those studies were correlative in nature and
therefore could not establish a causal link between heavy metal contamination
and observed changes in microbial community structure. Here we describe a
controlled field experiment that allows us to determine the effect of fluvial heavy
metal deposition on the establishment of hyporheic microbial community
structure. There was a significant correlation between hyporheic microbial
community structure and the heavy metal contamination (R2 = 0.86). The
abundances of two separate phylogenetic groups were highly correlated with the
level of heavy metal contamination (Group I, R2 = 0.96; Group III, R2 = 0.96).
The level of contamination at which changes in microbial community structure
could be detected was lower than that at which benthic macroinvertebrate
communities demonstrate a response. Thus, the use of hyporheic microbial
communities as bioindicators might be able to lower the limits of detection for
establishing natural resource damage to aquatic ecosystems due to the fluvial
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deposition of heavy metals.
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Introduction
The contamination of aquatic environments with heavy metals is wide spread
(44, 46, 55, 57, 60) and can result in natural resource damage. Aquatic natural
resource damage has been defined as the change in biotic properties of an
ecosystem in response to the introduction of an anthropogenic contaminant (1).
Current methodologies for determining the presence and extent of aquatic
resource damage due to heavy metal contamination include the following.
Determining levels of metals associated with benthic macroinvertebrate tissues
(14, 16, 20, 24, 28, 29). Testing chronic and acute metal toxicity on invertebrates
(15, 62). Measuring levels of metallothionein production in aquatic vertebrates
(51, 79, 91). Comparing fish population sizes and species distributions in clean
and contaminated streams (2, 4, 76). Determining negative impacts of heavy
metals on trout reproduction rates (56). And monitoring changes in aquatic algal
community structure after exposure to heavy metals (3). In an attempt to expand
this list of methodologies and lower the limit for detecting natural resource
damage we have designed the following field experiment. This study examines
how fluvial deposition of heavy metals affects the establishment of hyporheic
microbial communities, determines the levels of contamination at which effects
can be measured, and evaluates the use of microbial communities as a tool for
establishing aquatic natural resource damage.
Lotic ecosystems are dynamic combinations of abiotic and biotic factors
(96). The stream channel and riparian zone are the well-known and best-studied
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components of lotic ecosystems (39, 74, 87, 89, 96). However, the hyporheic
zone, the region of saturated sediments beneath the channel of a stream, has
recently become recognized as the third major component of lotic ecosystems
(10, 13, 38, 49, 73, 75, 86, 87). The microbial communities inhabiting this zone
constitute the majority of the ecosystem biomass and activity (30, 41, 42, 72),
can account for 76-96% of the ecosystem respiration (65), play important roles in
nutrient cycling and retention (63, 74), and are a food source for grazing aquatic
insects (26, 95). Therefore the microbial communities that inhabit this zone are
an important component of lotic ecosystems, and changes in their community
structure may alter the functioning of the ecosystem as a whole.
The structure of a community is based, in part, on species richness, the
composition of species present, and the relative abundances of those species
(100) . Here we test whether fluvial deposition of heavy metals influences three
aspects of microbial community structure. Accurately assessing the total
richness and composition of microbial species in any environment is exceedingly
difficult (47, 58). Therefore we use a molecular technique, DGGE pattern
analysis, an accepted method for estimating richness and determining relative
differences in community composition between environments (32, 37, 48, 52, 64,
83, 93). Group-level abundances are estimated via qPCR using group-specific
PCR primers. Together these two separate approaches provide an estimate of
how hyporheic microbial community structure is affected by the fluvial deposition
of heavy metals and at what levels of metal contamination and effect can be
detected.
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Materials and Methods
Experimental design.
A controlled, replicated (n = 4), field experiment testing the effects of fluvially
deposited heavy metals on hyporheic microbial community structure and
establishment was conducted. - Four levels of an environmentally relevant metal
treatment (high, moderate, low, and control) were packed into sterile sediment
columns and distributed along a 40 m reach of the Littleblackfoot River (3rd order
stream, Lat. 46

Long. 112 47'33", elevation 1,324 m) (Fig. 1A). Metal

treatments consisted of sediments gathered from the streambed at the control
location (The Littleblackfoot River, LB) and three different locations within the
Clark Fork River (Silverbow Creek at Opportunity Ponds (OP) (one of the
headwater tributaries of the Clark Fork River), 3rd order stream, Lat 46°06'28",
Long 112°48'17", elevation 1,497 m (High metal treatment), Clark Fork River at
Gold Creek (GC), 4th order stream, Lat 46°35'26", Long 112°55'40", elevation
1,271 m (Moderate metal treatment), and the Clark Fork River at Rock Creek
(CF), 4th order stream, Lat 46°49'34", Long 113°48'48", 1,011 m (Low metal
treatment)) (Fig. 1A). The Clark Fork River has been historically contaminated
'

with mining waste from a large-scale copper mine (60), thus sediments gathered
from this river have elevated levels of a variety of heavy metals in forms that
accurately represent fluvial heavy metal deposition (see below). Sediments were
gathered in one 12 hr period during June 2001 (post runoff) by hand sieving bulk
sediment (0 - 20 cm depth) with stacked 2.36 mm and 1.70 mm stainless steel
sieves, then placed in sterile containers, transported to the laboratory on wet ice,
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and then sterilized by three rounds of autoclaving at 121°C for 1 hr with a 24 hr
period of storage at room temperature in between each round of autoclaving.
This autoclaving regime is established protocol for successfully sterilizing soils

(104) and determined sufficient for sterilizing river sediments (data not shown).
After sterilization approximately 100 g of sediment representing each metal level
was packed into separate sterile and acid washed PVC sediment columns (12
columns for each treatment level, 3 replicate treatments within each experiment)
(Fig. 1B). Packed columns were stored at 4°C until transported to and placed in
the test stream (< 24 hours). Columns were randomly buried in the hyporheic
zone of the Littleblackfoot River (5 - 25 cm), at the heads of 4 sequential riffles,
and covered by cobbles. Placing the columns at the heads of riffles ensured that
the pore water at these locations would be dominated by the influx of surface
water, thus reducing variability between experimental replicates due to the
potential influx of ground waters. Columns were capped with opaque PVC and
covered with cobbles to prevent the influx of light, thus making the column
interior more representative of the non-photic hyporheic zone. Once placed the
columns were left undisturbed for 4 months then removed from the streambed,
rinsed on site in stream water to remove any fine grain sediments that may have
collected in the columns during incubation, transferred to sterile sampling bags
(Fisher Scientific Company, Hanover Park, IL), and stored on dry ice until
returned to the laboratory. Upon arrival at the laboratory sediments were
lyophilized overnight in a Freezemobile 24 (Amoco Productions Co., Tulsa, OK),
then stored at -7 0°C prior to analysis.
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Metal treatments consisted of sediments that contained elevated levels of
As, Cd, Cu, Pb, and Zn, among other metals. The heavy metals were deposited
on the surface of the sediments via secondary deposition; chelated to the surface
of iron oxyhydroxides coating the surface of the sediments or as metal oxides,
see Moore and Luoma for a review (60). The heavy metals originated from
pyritic mine tailings that were fluvially redistributed along the fioodplain of
Silverbow Creek in 1906 (60). The original mine tailings contained a complex
mixture of heavy metals, and therefore the resulting secondary metal deposition
also consisted of a mixture of metals. Rather than attempt to determine the
effects of individual metals present in this mixture we have constructed a metal
index to relate our hyporheic microbial community responses to. The
construction of this index is described in the geochemical analysis section of the
Materials and Methods.

DMA extraction.
One g of lyophilized sediment from each treatment replicate was extracted for
DNA based on a modified version of the method of Yu and Mohn (105). These
modifications have been described in detail elsewhere (36).

Denaturing Gradient Gel Electrophoresis and Gel Pattern Analysis.
DGGE analysis was used to separate PCR amplicons of partial 16S rDNA
sequences generated from each sample using the generally conserved primer
pair 536fc (5’CGC CCG CCG CGC CCC GCG CCC GGC CCG CCG CCC CCG
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CCCC CWT AAT GGC GCC GMC GAG 3’) and 907r (5’CCC CGT CAA TTC
CTT TGA G TT1 3 ’) (45). PGR amplifications conditions have been described

elsewhere (36). DGGE gels were run using a 25 - 60% range of denaturants on
a Bio Rad D GENE System (Bio-Rad Laboratories, Hercules, CA) as described

previously (36). Each gel lane was loaded with 400 ng of PGR product from 4
combined replicate PGR reactions. PGR: products amplified from purified
Clostridium perfringens and Micrococcus luteus DNA were included in each gel
as internal reference markers for between gel normalization. DGGE gels were
stained with SYBERGreen I (BioWhittaker Molecular Applications, Rockland,
ME), and viewed using a Bio-Rad Gel Doc 1000 and Molecular Analyst software
(Bio-Rad Laboratories, Hercules, CA). DGGE images were analyzed for pattern
similarities with GelCompar v.4.0 (Applied Maths, Kortrijk, Belgium) using the
Dice coefficient (SD=2nAB/nA+nB) (where nA = the number of bands in lane A, ne =
the number of bands in lane B, nAs = the number of common bands between
lanes A and B). From this analysis a similarity matrix was constructed that
compared all samples to each other. This matrix was then converted to a mean
similarity matrix and subsequently used to test for significant differences within
and between treatments and to determine if there was a relationship between
sediment metal content and community structure.

Real-Time Quantitative PCR (qPCR).
Group-level abundances were measured using a suite of group-specific primers
corresponding to three major phylogenetic groups (Groups I, II, and III; most
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closely related to the a, (3, and y-proteobacteria) described previously (34). All
qPCR analyses were performed using a Bio-Rad iCylcer (Bio-Rad, Hercules, CA)
and a SYBER Green I detection method as described previously (36). Standards
for each phylogenetic group were constructed as described previously (36).
Briefly, standards consisted of serial dilutions of linearized plasmid vectors
containing a single copy of the targeted partial 16S rDNA. Standard curves
calculated from the threshold cycle of each serially diluted standard were,
typically, linear across 5 orders of magnitude (107 - 102 copies). Unknown
samples that fell outside this range were diluted or concentrated to bring the copy
number g'1 into the linear range of detection. Amplification conditions for qPCR
reactions have been described in detail elsewhere (36).

Geochemical analyses.
Total recoverable metal content of sediments was analyzed at the end of the
experiment. Extraction and analysis of the total recoverable metals is described
in detail elsewhere (34). Briefly, acid soluble metals were extracted from 5 g of
dried sediment and analyzed on an ICP (IRIS model, Thermoelemental, Franklin,
MA) according to U.S. EPA test method 200.7. The concentrations of four toxic
heavy metals (As, Cu, Pb, and Zn) were used to create a contamination index
(Cl). This index was used as a measure of contamination relative to the metal
content of the control treatment. Cl = (X(Log ([Men]/ [Menin c o n t r o l] ) ) ) / # of metals
included in index; n = As, Cu, Pb, and Zn.
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Total carbon associated with the sediments making up each treatment
combination was measured at the beginning of the experiment (n = 3). For each
analysis 10g of sediment was dried overnight at 60°C then crushed in a Spex
Industries mixer/mill model no. 8000 (Edison, NJ) for 15 minutes. 0.5 g of ground
samples were measured for total carbon using a GE Instruments EA 1110
elemental analyzer (Lakewood, NJ).

Statistical analysis of data.
Within each experiment all four treatment levels were replicated three times,
these replicates provided sampling precision and were analyzed separately by
DGGE and qPCR. Measurements from within experimental units were averaged
prior to analyses of treatment effects. Thus, although 48 columns were placed (3
within experiment treatment replicates x 4 treatment levels x 4 replicate
experiments = 48), there were 16 experimental units. Three separate
approaches were used to analyze relationships between the microbial community
response variables and the heavy metal treatments: non-metric dimensional
scaling (NMDS), multivariate and univariate analysis of variance, and linear
regression. When applied to DGGE data, NMDS analysis produces sets of
coordinates that can be used to graphically represent the relative differences in
community composition between metal treatments and replicates within
treatment levels. Analysis of variance was used to determine if there were
significant changes in the abundance of three phylogenetic groups monitored
with qPCR in response to the metal treatments. Post-hoc multiple comparisons
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tests (Tukey-Kramer) were used to determine which levels of metal amendment
were responsible for the observed significant changes (p < 0.05). Linear
regression was used to model the responses of the microbial community (both
DGGE and qPCR results) in relation to the heavy metal treatments, thus
providing a predictive model of how microbial communities will respond to the
fluvial deposition of heavy metals. All statistical tests were performed using
NCSS 2001 software (NCSS, Kaysville, UT). qPCR data was log transformed
(log 16S rDNA copy number/g) so that the assumptions of AN OVA and MANOVA
were met. All other data met the assumptions of the multivariate statistics
applied here with out transformation.

Results

Metal treatments
Metal treatments used in this study were isolated from an environmental heavy
metal contamination gradient. Four levels of metal contamination were used that
decrease in a logarithmic fashion. Conversion of sediment metal concentrations
to Cl values resulted in an approximate linear relationship between treatment
levels (Fig. 2). However, due to the nature of the contamination gradient from
which the metal treatments were isolated a precise linear relationship between
metal treatment levels was not obtainable. Contamination index values are
normalized to the levels of detectable metals in Rock Creek sediment (Fig. 1A), a
site previously determined to have very low sediment metal levels (34). The
Littleblackfoot River drainage has supported some small-scale mining and
therefore the sediments in LB have slightly elevated metal concentrations relative
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to Rock Creek. Thus although the LB treatment acts as the control its Cl value is
> 0. There are significant differences between contamination levels (Fci = 210, p
< 0.001), however the moderate and low treatment levels were not significantly
different from each other (Fig. 2).
Variation among treatment levels due to indigenous microbial
communities, differences in percent carbon, and grain size were controlled for.
Since the metal treatments utilized here are from environmental sources we
sterilized them to remove the potential for competition between the communities
living on the sediments and the communities attempting to establish on the
sediment surfaces during the experiment. Natural sediment surfaces and those
coated with iron oxyhydroxides as a result of mining contamination can adsorb
organic matter (8). Total percent carbon of each treatment level was measured
prior to planting the sediments in LB. There was a non-significant positive
correlation between the level of metal treatment and the percent carbon
associated with the sediments (R2 = 0.54, p = 0.27). Further, there was no
significant difference between treatment levels in percent carbon due to the high
degree of within treatment variation (range = 0 - 0.08%,

F o rg anic carbon

= 1.27, p =

0.34). However, since carbon quality and quantity can affect microbial
community structure (84, 94, 97) percent carbon associated with the metal
treatments was analyzed as a separate factor to determine if it had any effect on
the aspects of community structure. Grain size has an inverse relationship with
microbial biomass (53) and in combination with slope determines flow rates
through sediment (103), and therefore nutrient availability for sediment
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associated microbial communities (40, 85). Thus, we used the same sediment
size fraction for all levels of the metal treatment and planted the sediment
columns in an evenly sloped reach of stream. Previous work demonstrated that
there were no significant differences in the concentrations of NO 3 ' and PO 4 2'
along this reach of stream (34).

Community composition
DGGE pattern analysis was used to assess differences in microbial community
composition between metal treatments. There were visible treatment effects on
the detectable community composition (data not shown). Species richness as
measured by DGGE band number was significantly different between treatments
(F ric h n e s s = 6 . 6 8 , p

= 0.01) (Fig. 3). However, there was no apparent linear

relationship between species richness and the Cl or amount of carbon
associated within each treatment (Table 1). A similarity matrix representing the
similarities in DGGE banding patterns between treatments was constructed and
analyzed by NMDS as a means of providing support for the visual analyses. By

plotting the scores for the first two dimensions of the NMDS analysis against one
another the relative differences in DGGE community compositions between
treatments can be visualized (Fig. 4A). This plot indicates that the community
composition in the control treatment is much different that the communities
inhabiting the other treatment levels. NMDS can’t separate the communities
inhabiting the low, moderate, and high metal treatments from one another. The
mean percent difference in community composition associated with each
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treatment level was plotted against the difference in Cl to determine if the metal
treatments produced a predicable change in the microbial community structure
(Fig 4B). There was a strong significant positive relationship between the
hyporheic microbial community composition and the metal treatment level (R2 =
0.86, p < 0.01). Differences in carbon associated with the metal treatments had
no effect on this relationship (Table 1).

Phylogenetic group a b u n d a n c e
The abundance of three separate phylogenetic groups previously identified as
the most abundant groups associated with hyporheic sediments were determined
by qPCR (36). Primer pairs for Groups I, II, and III are described in detail
elsewhere and are most closely affiliated with the a , p, and y-proteobacteria,
respectively (36).
Group I was significantly more abundant than Groups II or III in all
samples

(F G ro u p s

i,ii,ma b u n d a n c e = 40.4, p < 0.001). The abundance of Groups II and

III were not significantly different from one another regardless of the metal
treatment level

( F g r0 ups

ii,ni a b u n d a n c e = 0.635, p = 0.431). MAN OVA indicated no

significant effect of the metal treatments on the abundance of the three
phylogenetic groups (Wilks Lambda F = 1.43, p = 0.36). Linear modeling of
phylogenetic group abundance revealed strong significant (p < 0.05) positive
linear correlations between the contamination index and the abundance of
Groups I and III (Table 1 and Fig. 5). Group II abundance was correlated with
the Cl however the slope of the line was not significantly different from zero
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(Table 1 and Fig. 5). Multiple regression was used to determine if differences in
percent carbon associated with each metal treatment had an effect on the
correlation between the group-level abundance and the contamination index
(Table 1). However, no significant trends were observed.

Discussion
This study was designed to determine if the fluvial deposition of heavy metals
influences the establishment and structure of hyporheic microbial communities.
Previous investigations have explored this question by comparing contaminated
and uncontaminated streams (34, 35). However, these were observational
studies and therefore were unable to control for potentially confounding
environmental factors between streams, such as organic matter quality and
quantity, dissolved inorganic nutrient levels, temperature, grazing pressure, etc.
This field experiment was designed to control for these factors, thus leaving the
metal treatments as the main factor determining hyporheic microbial community
structure.

Metal treatments
The metal treatments used in this study consisted of sediments gathered from
locations within the Clark Fork River and one of its headwater tributaries,
Silverbow Creek. The Clark Fork River and Silverbow Creek have historically
been contaminated by the introduction of mine waste from a large-scale copper
mine near Butte, MT (60). One result of this contamination is a gradient of
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elevated sediment heavy metal loads that is projected to extend from Butte, MT
556 km downstream (15, 18, 19, 54, 67), with sediment metal concentrations
decreasing logarithmically downstream (61). We exploited this gradient of
contamination as our source of an environmentally relevant metal treatment.
Thus the metal treatments applied in this study likely contain all of the potential
differences in form and bio-availability of fluvially deposited heavy metals that
aquatic microbial communities are exposed to by heavy metal contamination
from an actual mine. The mineral assemblages that constitute fluvially deposited
mine waste are very complex, consisting of irregular mixtures of metal oxides,
iron oxyhydroxides, and metal ions chelated to the surface of the oxyhydroxides
(33, 60, 67, 71). Any attempt to create this type of mineral complex in the
laboratory would likely result in an unrealistic metal treatment. Thus the
treatments applied here provide results that are an accurate estimate of the
effects of large-scale mining contamination on hyporheic microbial communities.
These fluvial metal deposits consist of a variety of co-varying heavy
metals, thus making the determination of the effects of any individual metal
difficult (69, 70). Therefore, rather than attempting to determine which individual
metal affects the microbial community structure the most we used the previously
described Cl to determine how the communities respond to heavy metal
contamination as a whole. Similar applications of a contamination index have
been used to evaluate the effects of a range of heavy metal contaminants on
benthic macroinvertebrate assemblages (21 -23, 28). The relationship between
the Cl defined here and hyporheic microbial community richness, composition,
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and group-level abundance will be discussed separately.

Community composition
The fluvial deposition of heavy metals affects the richness of hyporheic microbial
communities. Microbial species richness increases up to the moderate level of
contamination then declines. If the elevated metal levels are viewed as a stress
or disturbance then this pattern of species richness is in agreement with the
intermediate disturbance hypothesis (27). This interpretation is contrary to
previous studies that suggest that the physiological stress caused by metal
toxicity leads to selection of less diverse communities comprised of metal
resistant populations (6, 31, 70, 81, 98). The results of this experiment suggest
that this is only true at relatively high levels of contamination. This pattern of
species richness may also be due to a combination of physical factors and toxic
metal effects. The oxyhydroxide metal coatings on the sediment surfaces can
act as sorption sites for bacterial cells (50, 59). However at high levels of
contamination the heavy metals may have toxic effects (3, 43, 82, 88, 90, 102).
Thus, elevated sediment metal concentrations in the low to moderate range may
promote increased richness by facilitating colonization of the sediment surface.
At high levels of contamination metal toxicity may prevent species from becoming
established thus reducing richness. Although the specific cause for the observed
richness pattern is not revealed the fact that species richness doesn’t exhibit a
linear relationship with the level of metal contamination suggests that it is
probably not a good predictor of aquatic resource damage. Similarly, total
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benthic invertebrate species richness is a relatively insensitive measure of heavy
metal contamination (22, 23, 25). Rather the composition of benthic invertebrate
assemblages is a more reliable indicator of heavy metal effects in aquatic
ecosystems (18, 22, 23, 25). A similar relationship appears to exist in hyporheic
microbial communities.
The composition of the hyporheic microbial communities was directly
related to the heavy metal contamination. Similar relationships have been
observed between microbial community structure and heavy metal contamination
in soils (69, 70). However, the strength of the relationship between the metal
contamination and the composition of the hyporheic microbial communities
reported here appears to be stronger than that observed soils (69, 70). These
high correlation values may indicate that heavy metals associated with sediment
surfaces in the oxic shallow hyporheic zone are readily bio-available. This
contradicts the prediction that at alkaline pH’s (pH = 7.9 - 8.3) the heavy metals
will be in either oxide forms or chelated to the ironoxyhydroxide coatings on the
sediment surfaces, both relatively unavailable forms (68). However, previous
work in the Clark Fork River suggests that diet variations in stream pH, attributed
to ecosystem respiration, can result in release of chelated metal ions from
oxyhydroxide surfaces (11). Further, the formation of biofilms on sediment
surfaces can result in local changes in pH and redox, two parameters that can
affect the bio-availablity of heavy metals (9, 12, 66, 92, 99). Therefore the
adsorption, establishment, and growth of bacterial communities on sediments
may alter the bioavailability of heavy metals, and thus result in selection for metal
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tolerant populations. The correlation between community composition and Cl
presented here support this hypothesis. However, further investigation into the
tolerance of the communities associated with each metal level is required to
confirm this conclusion. The close association of these communities with
sediment surfaces may be the reason that they demonstrate a detectable change
in community composition at very low levels of metal contamination. The
abundances of two of the three most prevalent phylogenetic groups in the
hyporheic zone are also affected by the fluvial deposition of heavy metals.

Phylogenetic group abundance
The relative abundance of the three phylogenetic groups monitored in this study
have been reported previously (34). This study suggested that Group I (aproteobacteria) is the most abundant phylogenetic group in the hyporheic zone.
Group II tended to be more abundant than Group III, however both Group II and
III had similar relative abundances. A comparable pattern of group level
abundance was noted in this study. Thus, fluvial deposition of heavy metals
doesn’t appear to affect the relative distributions of these three major
phylogenetic groups during community establishment, rather the absolute

abundance of each phylogenetic group is affected.
The high degree of correlation between the abundance of all three
monitored phylogenetic groups and the Cl may be due to a number of factors.
The presence of iron oxyhydroxide coatings on aquatic sediments can promote
adsorption of bacterial cells (50). Iron oxyhydroxide coatings can be one of the
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major alterations in sediment geochemistry due to the introduction of mine
wastes in fluvial environments (60). If increased sorption is the reason for the
positive correlation between phylogenetic group abundance and the Cl then it
appears that Groups I and III more readily adsorb to metal contaminated
sediment than Group II. Previous work in our laboratory indicated that Group III
can be selected for in heavy metal contaminated environments, while Groups I
and III are selected against (34, 35) and that these relationships can change
seasonally (35). However, this previous work compared intact hyporheic
microbial communities along a contamination gradient while this study
investigated the effect of heavy metals on community establishment. Thus, while
elevated heavy metals may promote the establishment of Groups I and III other
environmental factors may influence this relationship as the community continues
to develop. The fluvial deposition of heavy metals can also alter the surface area
of sediment grains through the deposition of amorphous metal oxides and
oxyhydroxides (60, 67, 101). Since surface area and bacterial cell densities, and
logically phylogenetic group abundance, can be directly related (53) the metal
contaminates may result in elevated phylogenetic group abundance by providing
a greater surface area on which cells can attach and become established.
Controlling for surface area was unnecessary in our design. The increased
surface area associated with the elevated sediment metal levels is one of the
effects that fluvial deposition of heavy metals has on the geochemistry of fluvial
sediments. Alternatively the species within Groups I and III may be more metal
tolerant and thus more readily able to colonize metal contaminated substrates.
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Elevated relative abundances of oc-proteobacteria along with decreases in grampositive and other gram-negative lineages has been noted in soils amended with
metal rich sewage sludge (80). In addition, previous work has identified yproteobacteria that are resistant to Cd, Cu, and Zn, three of the metals included
in our index (43, 77, 78). Therefore the members of these phylogenetic groups
present in the hyporheic zone may be resistant to the metal treatments we
applied and thus able to readily colonize the contaminated surfaces.
Regardless of the specific effects of the heavy metal contamination the
control provided by this experimental design indicates that the heavy metals are
the cause of the correlation between the community composition and
phylogenetic group abundance and the Cl. These data suggest that heavy metal
contamination in fluvial systems results in a number of changes in the hyporheic
microbial community structure, including the richness, composition, and
abundance of select phylogenetic groups. Direct comparison of our findings to
other studies investigating the effect of heavy metal contamination on the biotic
component of aquatic ecosystems can be tenuous due to the specific differences
in type, distribution, concentration, and form of the metals in other contaminated
environments. However, changes in hyporheic microbial community structure
can be detected at very low levels of metal contamination, approaching an order
of magnitude lower than that at which benthic macroinvertebrates demonstrate a
response.
A survey of current literature suggests that on average sediment metal
concentrations equivalent to 84 pg/g As, 100 pg/g Cu, 36 pg/g Pb, or 355 pg/g
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Zn are required to cause a shift in benthic macroinvertebrate community
structure (5, 16-18, 23, 28). These contamination levels are almost an order of
magnitude higher than that at which hyporheic microbial community structure
demonstrates a response (4.5 pg/g As, 30 pg/g Cu, 9.8 pg/g Pb, and 110 pg/g
Zn, represented by the low metal treatment). Thus, the composition of hyporheic
microbial communities and abundance of Groups I and III are potentially more
sensitive indicators of heavy metal contamination in streams.

Conclusion
To the best of our knowledge no other studies have performed similar controlled
field experiments on hyporheic microbial communities. Therefore the information
presented here is novel. We have demonstrated a strong linear correlation
between the community composition and abundance of two of the three most
abundant phylogenetic groups in the hyporheic zone and fluvial deposition of
heavy metals. Elevated metal levels associated with invertebrate tissues or
increased metalothianen production in vertebrates are both accepted means of
assessing resource damage associated with heavy metal contamination (18, 79).
The levels of metals associated with hyporheic sediments at which a response in
the microbial community structure can be detected are well below that at which a
response can be detected in these higher trophic levels. Based on the linear
models presented here it is likely that this detection limit can be lowered even
further, however, this requires more experimentation to confirm. Therefore,
microbial communities can be a sensitive indicator of natural resource damage
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due to industrial mining activities. Although, microbial communities have been

used as indicators of heavy metal effects in soils (7), to our knowledge this is the
first experimental investigation to explore their use in aquatic ecosystems. EPA
legislation states that resource damage due to industrial activities can be
indicated by any change in the structure of the local biotic community (1). Thus,
the incorporation of the techniques and approaches applied here to the list of
accepted means of assessing aquatic resource damage may alter the way hard
rock mining is regulated in the future.
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Tables
Table 1. Correlation coefficients and significance values for linear regressions of microbial community response
variables vs. Contamination Index (Cl), percent carbon (%C); and total multiple regression model (using Cl and %C
as predictor variables), in the total model row the
= adjusted R2
Independent
variable
Cl
%C
Total model

Richness
R2 p value
0.04
0.17
0.01

0.81
0.59
0.57

Community Composition

Group I
R2 p value

R2 p value
0.86 <0.01
0.45
0.03
0.87 <0.01

0.96 0.02
0.70 0.16
0.98 0.07

Group 111

Group II

R2 p value

R2 p value
0.83 0.09
0.20 0.55
0.77 0.28

0.96
0.69
0.96
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0.02
0.17
0.11

Figures

Figure 1. (A) Map of field site and locations from which sediments were gathered
to be used as metal treatments. (B) Schematic of sediment columns and how
they were arranged in the field experimental site (Littleblackfoot River).
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Contamination Index (Cl)

Figure 2. Contamination index values for all four treatment levels. Treatment
levels that share a letter are not significantly different from each other (p > 0.05).

b

f

H un.

High

Moderate
Low
Treatment level

Control

176

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 3. Bacterial species richness (based on the number of detectable DGGE
bands) associated with each treatment level. Treatment levels that share a letter
are not significantly different from one another (p > 0.05).
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Figure 4. (A) NMDS plot of the first and second NMDS dimensions relating
DGGE patterns of microbial community compositions between treatments. (B)
Linear regression of percent difference in hyporheic microbial community
composition vs. the difference in contamination index between treatments.
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1.4

Figure 5. Means and standard errors of log transformed abundance of Group I
(■), Group II (•), and Group III ( * ) vs. the contamination index.
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Chapter 6
Establishing a causal link between the fluvial deposition of heavy metals and
changes in hyporheic microbial community structure: a mesocosm study.
Kevin P. Feris1, Philip W. Ramsey1, Chris Frazar1, Johnnie N. Moore2, James E.
Gannon1, and William E. Holben1

1. Microbial Ecology Program, Division of Biological Sciences, The University
of Montana, Missoula MT 59812, USA
2. Geology Department, The University of Montana, Missoula MT 59812, USA
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Abstract
Prior field studies in our group demonstrated a relationship between the fluvial
deposition of heavy metals and hyporheic zone microbial community structure.
However, those studies were correlative in nature and and not intended to
establish a direct cause and effect relationship. Therefore we performed a
controlled laboratory study using 20 flow-through mesocosms and a repeated
measures factorial design. We exposed the same hyporheic microbial
community to 5 different levels of an environmentally relevant metal treatment
(0% (control), 4%, 8%, 16%, and 30% sterilized contaminated sediments) and
monitored the microbial community response to these treatments at 1, 2, 4, 8,
and 12 weeks via DGGE and qPCR using group-specific primers (monitoring
Groups I, II, and III, most closely related to the a, p, and y-proteobacteria
respectively). There was a consistent strong linear relationship between the
community composition and the heavy metal contamination (R2 = 0.83, p <
0.001). The abundance of each monitored phylogenetic group demonstrated a
unique response to the metal treatments. The most abundant group (Group I)
was negatively affected by the metal treatments for the duration of the
experiment (R2 = 0.89, p = 0.02). Groups II and III showed more variable
responses to the metal treatments. The structure of these communities
responded rapidly and at contamination levels an order of magnitude lower than
a response can be detected in aquatic macroinvertebrate communities. These
studies support the notion that hyporheic microbial communities are a useful
indicator of heavy metal contamination in streams.
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in tro d u c tio n :

The hyporheic zone, the region of saturated sediments beneath a river,
inundated with a mixture of surface and ground water, is an important component
of iotic ecosystems (28, 65, 67). This zone supports a microbial community that
is involved in the cycling of nutrients (66), nutrient retention (56), constitutes the
majority of the biomass and activity in Iotic ecosystems (23, 30, 31, 64), and can
account for 76-96% of the ecosystem respiration (58). Changes in microbial
community structure within the hyporheic zone, due to anthropogenic
contaminants, may alter the functioning of Iotic ecosystems.
The contamination of aquatic environments as a result of large-scale
mining is wide spread (55). Acid mine drainage (AMD) and the introduction of
mine waste into streams have been shown to alter the geochemistry of
streambeds (55) and the hyporheic zone (7, 13, 86). Metals released from mine
waste reduce water quality and harm many eukaryotic organisms (8, 14, 15, 39,
50, 55, 68, 81). Similar to prior work in terrestrial ecosystems, demonstrating
that heavy metal contamination alters the activity and composition of microbial
communities (4, 10, 11, 25, 34, 48, 54, 61, 73, 85), previous work in our
laboratory provided evidence that the structure of hyporheic microbial
communities are affected by fluvially deposited heavy metals (26). However,
most of our previous work was correlative in nature. In order to remove the
ambiguity inherent in the observational field study performed in this prior
investigation, we have designed a controlled laboratory experiment to establish
direct causal links between heavy metal contamination and hyporheic microbial
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community structure.
Heavy metal effects on microbial communities have been investigated
through the controlled application of individual and mixtures of metal salts (24,
33, 34, 48, 78) or by comparing contaminated and uncontaminated environments
(4, 33, 34, 46, 61, 62, 69, 71, 85). The former approach provides the greatest
experimental control while sacrificing realism, whereas the latter has greater
realism, but reduced control over potentially confounding environmental factors
(60, 61). Here we present an experiment that attempts to maintain experimental
control while exposing microbial communities to environmentally relevant heavy
metal treatments. Intact microbial communities associated with hyporheic
sediments were treated with a mixture of heavy metals in flow-through
mesocosms. Responses to the metal treatments (i.e. changes in community
composition and abundance of individual phylogenetic groups) were monitored
via DGGE pattern analysis and quantitative PCR. We demonstrate that both the
microbial community composition and the abundance of the monitored
phylogenetic groups are highly correlated with the metal treatments. Thereby
providing a direct causal link between heavy metal contamination in fluvial
environments and the structure of hyporheic microbial communities. In addition
we evaluate whether or not microbial communities can be useful indicators of
heavy metal contamination in Iotic ecosystems.
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Materials and Methods
Experimental design.

Using a repeated measures factorial design we exposed the same hyporheic
microbial community to five levels of an environmentally relevant metal treatment
(control, 4%, 8%, 16%, and 30%; 4 replicates each). 20 flow-through
mesocolumns (Fig. 1) were constructed and inoculated with equal amounts of
hyporheic sediments supporting live and intact hyporheic microbial communities.
Sediment associated hyporheic microbial communities were harvested from a 3rd
order stream (Rattlesnake Creek, Missoula, MT, USA), by collecting bulk
sediment (0 - 20 cm depth) via hand sieving with stacked 2.36 mm and 1.70 mm
stainless steel sieves. Sediments were placed in a sterile container and
transported to the laboratory submerged in stream water. Upon arrival at the
laboratory sediments were stored at 4°C until the experimental treatments were
compiled (< 6 hours). 900 g of this sediment was separated and sterilized by two
rounds of autoclaving at 121°C for 30 min. Heavy metal coated sediments of the
same size were gathered previously from the floodplain of Silverbow Creek near
Butte, MT (3rd order stream, Lat 46°06'28", Long 112°48'17", elevation 4,912 ft),
sterilized by two rounds of autoclaving at 121°C for 30 min, and stored at -2 0°C
until used. Treatment combinations (Table 1) were prepared in bulk and then
inoculated into the mesocosms in 150g aliquots. Preparation of treatment
combinations in bulk reduced within treatment variability. This design allowed us
to construct different levels of a metal treatment while keeping the size of the
hyporheic microbial community that was being exposed to the heavy metals the
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same between treatments and replicates. The common municipal water supply
for the mesocosms was filtered with an activated carbon filter to remove residual
chlorine. A common water source ensured that there would be no difference in
dissolved nutrients supplied to each mesocosm. Mesocosms were fed water at
the same rate such that there was constant flow and the sediments were
completely submerged. Mesocosms were incubated in the dark in a walk-in
temperature controlled chamber (T = 14 °C).
Since grain size and slope determine flow rates through sediment, and
therefore nutrient availability for sediment associated microbial communities, we
used the same sediment size fraction for both the metal contaminated and clean
sediments and incubated all the mesocosms at the same slope. To ensure that
organic carbon levels were the same between treatments each mesocosm was
amended with 0.2% particulate organic matter. The organic matter amendments
consisted of an equal mixture of dehydrated, crushed, and sterilized alder,
cottonwood, and willow leaves. Thus, this design controlled for effects of
innoculum size, grain size, and organic carbon levels.
The metal treatment consisted of sediments gathered from the banks of a
heavily contaminated 3rd order stream (Silverbow Creek, near Butte, MT, USA,
Lat 46°06'28", Long 112°48'17", elevation 4,912 ft). These sediments contained
elevated levels of As, Cd, Cu, Pb, and Zn, among other metals. The heavy
metals were deposited on the surface of the sediments via secondary deposition;
see Moore and Luoma for a review (55), chelated to the surface of iron

oxyhydroxide coating the surface of the sediments or as metal oxides. The
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heavy metals originated from pyritic mine tailings that were fluvially redistributed
along the floodplain of Silverbow Creek in 1906 (55). The original mine tailings
contained a complex mixture of heavy metals, and therefore the resulting
secondary metal deposition also consisted of a mixture of metals. Rather than
attempt to determine the effects of individual metals present in this mixture we
utilized the contamination index (Cl) to relate our hyporheic microbial community
responses to. The construction of this index in described in the geochemical
analysis section of the Materials and Methods.

Sampling regime.
Mesocosoms were sampled at 1, 2, 4, 8, and 12 weeks. At each time point five 1
g samples were taken along the length of each mesocosm using flame sterilized
stainless steel scoops. This sampling protocol controlled for position effects
within the unidirectional flow-through column. Sampling over a time course
allowed the rate at which microbial communities respond to heavy metal
contamination to be determined and if this response is consistent over time.
Sediments from each mesocosm were combined in a single sterile whirl-pak
sampling bag (Fisher Scientific, Pittsburgh, PA), placed on dry ice, and
lyophiiized overnight in a Freezemobile 24 (Virtis Gardner, NY). Once dried, the
sediments were stored at -70°C prior to subsequent analyses. pH was
measured on 25 ml water samples gathered from the effluent of each
mesocolumn using a Corning pH meter 340 (Kennebuck, MN). Water samples
were taken just prior to each sediment sample.
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DMA extraction.
DNA was extracted from one g samples of lyophilized sediment based on a
modified version of the method of Yu and Mohn (88). This procedure has been
described in detail elsewhere (27).

Denaturing Gradient Gel Electrophoresis and Gel Pattern Analysis.
PCR amplicons of partial 16S rDNA sequences were amplified using the
generally conserved primers 536fc (5’CGC CCG CCG CGC CCC GCG CCC
GGC CCG CCG CCC CCG CCCC CWT AAT GGC GCC GMC GAC 3’) and 907r
(5’CCC CGT CAA TTC CTT TGA GTT T 3’) (41). PCR amplification conditions
have been described previously (27). PCR products from 4 replicate PCR
reactions were pooled and separated by DGGE. 400 ng of PCR product was
loaded into each lane of a DGGE gel containing a 25% to 60% denaturant range.
DGGE run conditions have been described previously (27).
Band patterns were normalized to internal standards using GelCompar
v.4.0 software (Applied Maths, Kortrijk, Belgium). This software was also used to
analyze the DGGE images for pattern similarities. Using the Dice coefficient
(SD=2nAB/nA+nB) (where Ha = the number of bands in lane A, ne = the number of
bands in lane B, nAB = the number of common bands between lanes A and B) a
similarity matrix was generated by comparing all replicates and time points
simultaneously. A subsequent mean similarity matrix was calculated from this
initial matrix. This matrix was used to test for significant differences within and
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between treatments, changes in community composition across time, and to
determine if there was a relationship between sediment metal content and
community structure.

Real-Time Quantitative PCR (qPCR).
Group-level abundances were measured by qPCR using a suite of primers
designed specifically to detect hyporheic zone microorganisms most closely
related to three major phylogenetic groups (Groups I, II, and III; most closely
related to the a, (3, and y-proteobacteria) and described previously (26). A BioRad iCylcer (Bio-Rad, Hercules, CA) was used to perform the qPGR reactions.
Differences in group-level abundances were determined using a SYBER Green I
detection method as described previously (27). Briefly, each sample was
amplified in a 25 pi PCR reaction that contained a 1X concentration of a modified
10X Roche PCR buffer (Roche Diagnostics, Mannheim, Germany) (10 mM TrisHCI, 0.3 mM MgCb, 50 mM KCI, pH = 8.3, 1:10,000 dilution of SYBER Green I),
6.25 mM each dNTP, 10 pmol each primer, 7% DMSO, and 1.25 U of Taq
polymerase (Roche Diagnostics, Mannheim, Germany). Unique standards were
designed for each group (I, II, and III) and used to generate standard curves that
typically were linear across 5 orders of magnitude (107 - 102 copies). Samples
were diluted or concentrated to bring the detected copy number within this linear
range.
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The PCR conditions for each primer set have been described in detail
elsewhere (27). Copy number g'1 of sediment (dry wt.) values presented here
have been log transformed to reduce the within treatment variability.

Geochemical analyses.
Total recoverable metal content of mesocolumns was analyzed at the end of the
experiment, the 12-week time point. This was done to reduce the amount of
sediment taken from the mesocosms at each time point. Total recoverable
metals were measured on 5 g samples of dried sediment as described previously
(26). Briefly metals associated with the sediments were extracted by heating in
concentrated trace-metal grade HNO3 and concentrated trace metal grade HCI.
The eluant was filtered and analyzed for total dissolved metals using an ICP
(IRIS model, Thermoelemental, Franklin, MA) according to U.S. EPA test method
200.7. The concentrations of four metals (As, Cu, Pb, and Zn) were used to
create our contamination index (Cl). The Cl was used as an estimate of the
heavy metal contamination relative to the metal content of the control treatment.
Cl = X(Log ( [Men]/ [Menin c o n t r o l]) ) / # of metals included in index; n = As, Cu, Pb,
and Zn.
At the beginning of the experiment the total carbon associated with the
sediments within each treatment combination was measured (n = 3). 10g of
sediment from each treatment combination was dried overnight at 60°C then
crushed in a Spex Industries mixer/mill model no. 8000 (Edison, NJ). Total
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carbon was measured on 0.5 g of each ground sample using a CE Instruments
EA 1110 elemental analyzer (Lakewood, NJ).

Statistical analysis of data.
Three separate approaches were used to analyze relationships between the
microbial community response variables and the heavy metal treatments: non
metric dimensional scaling (NMDS), multivariate and univariate analysis of
variance, and linear regression. Relative differences in microbial community
composition between metal levels and changes over time were determined by
applying a non-metric dimensional scaling analysis (NMDS) to a mean DGGE
similarity matrix (NCSS, Kaysville, UT). Analysis of variance was used to
determine if there were significant changes in community composition (by
comparing NMDS scores) and in the abundance of three phylogenetic groups
monitored with qPCR in response to the metal treatments and across time.
Tukey-Kramer multiple comparisons test was used to determine which levels of
metal amendment were responsible for the observed significant change. Linear
regression modeled the response of the microbial community to the heavy metal
treatments, thus providing a tool for predicting how microbial communities will
respond to fluvially deposited heavy metals. All statistical tests were performed
using NCSS 2001 software (NCSS, Kaysville, UT). qPCR data was log
transformed to meet the assumptions of AN OVA and MAN OVA. No
transformation of the other data was required to meet the assumptions of the
multivariate statistics applied here.
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Results
M etal treatments.
The metal amendments used here consist of a variety of metals that originated
from the same ore body, were deposited simultaneously, and therefore co-vary
with one another. Since these metals co-vary it is difficult to determine the effect
of any individual metal on the microbial communities (63). Therefore we
generated a contamination index (Cl) that encompasses a suite of the toxic
metals present to relate to our microbial response variables. Similar
contamination indices have been used to evaluate levels of metal contamination
and the effects of heavy metals on community structure (5, 20, 26, 59, 87). The
use of the Cl increases the environmental relevance of our findings and simplifies
interpretation of the results based on microbial community differences related to
metal contamination as a whole. The Cl was normalized such that the control
treatments represented a Cl value of zero. We utilized a range of metal levels
(control, 4%, 8%, 16%, 30%) that were shown previously to induce linear
decreases in bacterial community productivity as measured by 14C-Leu
incorporation (32). We hypothesized that the same contaminant range would
result in detectable linear changes in microbial community structure. Cl values
for most treatments were significantly different from one another (p < 0.05) and
represented a linear increase in the level of metals from the control to the 30%
treatment (Fig. 2).
The metal treatments used were isolated from an environmental source
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and could therefore potentially alter carbon levels in the mesocosms. In addition,
heavy metal amendments can lower the pH of a system (59). To ensure that
organic carbon and pH were controlled for we measured these factors at the
beginning and throughout the experiment, respectively. Amending each
mesocosm with 0.2% particulate organic matter resulted in no significant
differences in total carbon between treatments (data not shown, Forganic carbon

“

1.17, p = 0.373). We measured the pH of the effluent of each column at the
same time that sediment samples were taken. pH values were circum-neutral for
the entire experiment (range = 7.83 to 8.35) and there were no significant
differences between treatments ( F ph = 1.12, p = 0.38).

Community composition.
The composition of the microbial communities within each mesocosm was
estimated by DGGE pattern analysis. Visual analysis of banding patterns
indicated that there was little variation within treatments and detectable
differences between treatments (data not shown). In addition, the community
composition was highly variable during the first three time points of the
experiment (1, 2, and 4 weeks) and then became less variable during the last two
time points (8 and 12 weeks). Conclusions from visual analyses and
relationships between the community composition and the metal levels were
confirmed by applying multivariate statistics and linear regression to the mean
DGGE similarity matrix.
NMDS analysis of the mean DGGE similarity matrix indicated that the
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community compositions within each treatment changed over the course of the
experiment. The NMDS plot can be interpreted by evaluating the observed
distances between points on the graph, or by finding patterns in the
multidimensional space of the plot (12, 49). When applied to DGGE data, the
NMDS plot graphically represents the relative differences in community
composition between metal treatments at each time point and changes within
treatments across time. By using the mean similarity matrix we reduced the
number of data points, thus simplifying interpretation of the NMDS plot. Figure
3A indicates the results of this analysis for the control, 8% and 30% metal
treatments. The 4% and 16% results were omitted to improve the clarity of the
figure and therefore will be described here. The communities inhabiting the 4%
metal treatment followed the pattern exhibited by the controls, with the NMDS
symbols for the 4% treatment lying between the control and 8% treatment.
Communities present in the 16% metal level treatment followed a pattern similar
to the 30% treatment, with the community structures at each time point being
more similar to the 8% treatment than the 30%. There were relatively large
differences between the points representing the communities detectable in the
first three time points (1, 2, and 4 weeks), smaller differences were detected in
the communities after 8 and 12 weeks of incubation (Figure 3A). After 8 weeks
the communities in all treatments appeared to reach a new steady state that was
quite different from the communities detected after 1 week of incubation.
However, even after 12 weeks of incubation there were still detectable
differences between the new steady state communities in the control, 4%, 8%,
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16%, and 30% metal level communities.
To determine if the differences between the communities present in the
different treatments were consistent over time we plotted the mean percent
dissimilarity in community composition between all treatments and across all time
points against the difference in Cl between treatments (Figure 3B). This graph
indicates that there is a significant (p < 0.05) linear relationship between the
metal treatments and the detectable community composition (R2 = 0.83).

qPCR.
Group level abundances of three separate phylogenetic groups were monitored
with qPCR. Groups I, II, and III are most closely affiliated with the a, p, and y proteobacteria, respectively. The PCR primers used and their group level
affiliations have been described in detail elsewhere (26). The effect of the heavy
metal amendments on the abundance of three different phylogenetic groups was
ascertained by analyzing qPCR data with multivariate statistics and linear
regression. Significant differences in phylogenetic group abundance with respect
to the two factors, heavy metals and sampling date, were determined by
analyzing qPCR data with the multivariate analyses MAN OVA and ANOVA.
MAN OVA can be used to test for differences between the means of two or more
dependent variables (e.g. all three phylogenetic groups) with respect to multiple
independent variables or factors simultaneously (e.g. metal treatment and
sampling date) (37). Univariate ANOVA can be used to determine if the means
of a single response variable (e.g. Group I abundance) are different from one
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another with respect to one or more independent variables (e.g. metal treatment
level and sampling date) (37). The MAN OVA results indicated that both the level
of metals, the sampling date, and the interaction of the metal treatment and
sampling date (metal x sampling date) significantly affected the abundance of the
monitored phylogenetic groups (Wilks Lambda Fmetai = 3.86, p < 0.001; Wilks
lambda Fs a m p li n g

d a le

= 13.67, p < 0.001; Wilks lambda Fm e t a l X s a m p li n g

d a te

= 2.7, p <

0.001). Univariate ANOVA was then used to determine which phylogenetic
groups and dates were driving the significant interactions detected by MANOVA.
The abundance of all three monitored phylogenetic groups was significantly
affected by the metal treatments, the sampling date, and the interaction of these
tWO

factors (FG r o u p I m e t a l = 5.12, p = 0.001; FG r o u p I s a m p li n g

FG r o u p
d a te =

I m e ta l

xs a m p lin g

d a te

III

= 46.23, p < 0.001;

= 2.79, p < 0.001 jFcroup II m e t a l = 3.1, p = 0.02; FG r o u p

92.86, p < 0.001; Fgi-oup II m e t a l xs a m p li n g

P < 0.001; FG r o u p

d a te

s a m p li n g d a t e

d a te

“ 2.1, p —0.02; FG r o u p

= 67.18, p < 0.001 J FG r o u p

III

m e ta l

x s a m p li n g

III

m e ta l

d a te

II s a m p lin g

—8.52,

= 4.21, p <

0.001). Tukey-Kramer multiple comparisons test further revealed that Group I
abundance was significantly (p < 0.05) lower in the 8%, 16%, and 30% metal
amended mesocosms relative to the control for the duration of the experiment.
Group II abundance was not consistently lower in the metal treatments relative to
the controls. The abundance of Group III was significantly lower in all of the
metal treatments relative to the control for the entire experiment. The
multivariate analyses indicate that the abundances of the monitored phylogenetic
groups are affected by the metal treatments and time. However, they do not
provide an easily interpretable visual model of how these phylogenetic groups
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are affected. Therefore, we plotted the abundance of each phylogenetic group

against the Cl for each time point and applied linear modeling to describe the
observed relationships.
Each phylogenetic group responded in a unique way to the metal
treatments. Therefore the results of these analyses are presented in a form that
best illustrates each response. Group I was the most abundant phylogenetic
group detected throughout the experiment with relative abundances ranging from
83 to 97% of total 16S rDNA copy numbers g"' of sediment in the control
treatments. The abundance of Group I in the control treatment fluctuated
throughout the experiment, with a decrease in abundance between the first and
second week followed by a gradual increase back to week one levels by the end
of the experiment (Figure 4). There was a strong significant negative correlation
between Cl and Group I abundance throughout the experiment except at the 8week time point when only a negative trend was observed (Table 2). The
consistent effect of the metal treatments on this group can be illustrated by
plotting the mean abundance of Group I within each treatment across time
(Figure 5A). The overall abundance of Group II also changed throughout the
experiment as indicated by the change in the control treatment (Figure 4). This
group tends to be the second most abundant group detected in the mesocosms
measuring 2 to 15% of the total detected 16S rDNA copy numbers g'1 of
sediment in the controls. Group II was negatively correlated with the Cl at the
one-week time point only (Figure 5B). During the remainder of the experiment
the abundance of this group is not correlated with the Cl (Table 2). Phylogenetic
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Group 111 is the least abundant group with a percent abundance range = 0.1 to
2.5% of measured 16S rDNA copy numbers g'1 of controls. The abundance of
this group demonstrated large fluctuations during the first two weeks of the
experiment as illustrated by the changes in abundance detected in the control
treatments (Figure 4). During the remainder of the experiment the abundance of
Group III in the control treatments did not change significantly. The abundance
of this phylogenetic group was significantly negatively correlated with the Cl at
the 8 and 12 week time points only (Figure 5C).

Discussion:

Metal Treatments
Environments contaminated with mine waste tend to have elevated levels of
multiple heavy metals that exist as complex chemical mixtures and exhibit
various degrees of bioavailability (3). Therefore little external realism is provided
by controlled experiments that utilize individual metal salts as experimental
treatments (24, 33, 34, 48, 78). Increased external relevance is attained when
environmental gradients are used to determine the degree to which microbial
community structure is influenced by heavy metal contamination (4, 24, 26, 34,
61). However, environmental gradients can include factors that co-vary with the
contaminant, thereby complicating the analysis of results (60). Examples of
potential covariates that can influence the structure of aquatic microbial
communities include dissolved nutrient levels (9, 25, 38, 57), carbon quality and
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quantity (61), flow rates and sediment porosity (35, 89), pH (25), viral lysis (75,
83), and grazing (36, 40, 44, 47,75, 82). This experiment controls for these
factors and thus, specifically addresses three questions. 1) Do fluvially deposited
heavy metals affect hyporheic microbial community structure? 2) At what levels
of contamination can an effect be measured? 3) How quickly do microbial
communities respond? Additionally, by monitoring the response of intact
hyporheic microbial communities to an environmentally relevant mixture of heavy
metals this experiment achieves a high degree of external relevance.

Community composition:

NMDS analysis of DGGE patterns indicated that the microbial community
composition within each treatment varied during the course of the experiment.
Changes in aquatic microbial community composition over time are not unusual
(25, 40, 43, 52, 76). The pattern of variation in the composition of the
communities suggests that after 12 weeks of incubation a steady state
community composition had been reached and was maintained for the duration
of the experiment. This data suggests that it takes approximately 2 months for a
hyporheic microbial community to re-establish after a major disturbance,
represented by the construction of the experimental treatments. To the best of
our knowledge this is the first evidence that provides a rate of hyporheic
microbial community establishment.

Although the composition of the microbial communities changed over the
duration of the experiment NMDS was consistently suitable for distinguishing the
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community structure in the control treatments from all other treatments. Further,
the community structure was consistently correlated with Cl (Fig. 3B). This study
confirms a similar relationship noted previously by our group in a field study
investigating the effects of fluvially deposited metals on hyporheic microbial
community structure (26). The shift in community composition caused by the
metal treatments is likely due to selection for metal tolerant populations. While '
we made no measure of metal tolerance in this study selection for metal tolerant
communities has been noted in metal contaminated soils (24, 62).

The selection for metal tolerant populations resulted in a 20 to 30%
change in the microbial community composition. This degree of difference is
similar to that noted in the hyporheic microbial community structures between
streams (27). Similar degrees of change in community structure have been
ascribed to heavy metal contamination in terrestrial and aquatic environments. In
soils contaminated with a mixture of Cu, Cd, Ni, and Zn approximately 30% of the
variation in the microbial community structure, as measured by phospholipid fatty
acid analysis, could be attributed to the metals (62). A study of 95 different
streams, representing a range of metal contamination attributed 40% of the
variability in benthic invertebrate species richness to the in stream metal
concentration (20). Therefore this study provides additional evidence that heavy
metal contamination in either terrestrial or aquatic environments doesn’t result in
whole scale replacement of communities. Rather a shift in the community
structure, with loss of some species and recruitment of others.

Shifts in hyporheic microbial community structure were detected at
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relatively low levels of contamination. Sediment metal concentrations

represented by the 8% metal treatment (As = 9.0 pg/g, Cu = 15.7 jjg/g, Pb = 10.9
pg/g, and Zn = 32.2 (jg/g) are an order of magnitude lower than those that induce
a response in benthic macro-invertebrates (2, 15-19, 21, 22, 51). A survey of this
literature indicated that on average sediment metal values equal to As = 84 pg/g,
Cu = 100 pg/g, Pb = 36 pg/g, and Zn = 346 pg/g are the limit at which a change
in the benthic macroinvertebrate community can be detected. The data
presented here suggests that microbial communities respond at a level of
contamination an order of magnitude lower than aquatic insects communities.

DGGE pattern analysis revealed changes in community composition due
to the metal treatments. However it doesn’t indicate how the abundance of
individual phylogenetic groups were affected by the heavy metals. A qPCR
approach was utilized to address this question.

qPCR:
qPCR can be used to monitor changes in relative abundance of individual
species and groups of microorganisms in the laboratory and the field (45, 77, 79,
80). Here we have utilized qPCR to monitor the abundance of three phylogenetic
groups in response to a range of metal treatments over time. The multivariate
analyses (MANOVA and ANOVA) were used to determine if there were
significant effects of the metal treatments, sampling date, and the interaction of
these two factors on group level abundance. Linear modeling was utilized to
determine if there was a consistent linear relationship between the metal

200

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

treatments and the abundance of the monitored phylogenetic groups. Both
analytical approaches detected significant relationships between the metal
treatments and group level abundance and indicated that this relationship
changed over the course of the experiment.
Each group responded in a unique way to the metal treatments, however
when there was a significant response all groups were negatively correlated with
the Cl. Although the percent abundance of Group I fluctuated the effect of the
metal treatments was consistently negative on this phylogenetic group. This
result confirms a pattern detected in a field study by our group that indicated this
group was negatively correlated with fluvially deposited heavy metals (26). This
is contrary to previous investigations of the long-term effects of heavy metal
contaminated sewage sludge amendments on soil bacterial communities.
Sandaa et. al. (71, 72) demonstrated an increase in the a-proteobacteria in soils
contaminated with a similar suite of metals (Cd, Cu, Ni, and Zn) compared to
control soils. These results suggest that the a-proteobacteria inhabiting the
hyporheic zone respond differently to heavy metal contamination than those
found in terrestrial environments. Considering the diversity of this phylogenetic
group this discrepancy between terrestrial and aquatic environments is not
surprising. The sensitivity of this group to the metal amendments appears to be
slightly less than the sensitivity of the community as a whole. The abundance of
Group I in the controls was significantly greater than their abundance in the 8%,
16% and 30% metal treatments for the duration of the experiment. Whereas
relative to the control, changes in the community composition were noted in the
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4%, 8%, 16%, and 30% treatments. Indicating that some members of this group
are tolerant to low levels of heavy metals, but as levels increase the abundance
of this group declines.
The abundance of Group II was negatively correlated with Cl only at the
begining of the experiment, for the majority of the experiment this relationship
was not present. Previous studies of the development of metal tolerance in soil
microbial communities have indicated that tolerance can develop over a period of
days (24). This suggests that selection or expression of metal tolerance in this
phylogenetic group is rapid. Since a consistent relationship between the
abundance of this phylogenetic group and the metal amendments is lacking we
suggest that the abundance of (3-proteobacteria associated with stream
sediments would be a poor estimate of metal contamination in lotic
environments.
The relationship of Group III abundance with the Cl shows a remarkably
different pattern than either of the other phylogenetic groups we monitored. A
significant negative relationship with the Cl didn’t develop until after 16 weeks of
incubation. However, the abundance of this group was significantly lower in the
metal amended mesocosms compared to controls for all time points except at
two weeks where the variability in the 8 and 30% treatments was great enough
that no significant difference was detectable between treatments (data not
shown), it is difficult to relate this response to previous works because there is a
paucity of information regarding the response of microbial communities to heavy
metal contamination over time. However, the reduced abundance of this group
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in response to the metal treatments is in agreement with previous investigations
in soils (71, 72). We suggest that the abundance of this group could be useful for
detecting biotic effects of long-term exposure to heavy metals in lotic
environments.
Similar to the hyporheic microbial community composition the level of
contamination at which heavy metal effects can be detected in the group-level
abundances are much lower than that at which benthic macroinvertebrate
populations demonstrate a response. Sediment metal levels of 9.0 pg/g of As,
15.7 pg/g of Cu, 10.9 pg/g of Pb, and 32.2 pg/g of Zn (represented by the 4%
metal treatment) are enough to significantly lower the abundance of Group III
after only one week of exposure. Group I also demonstrated reduced abundance
at metal levels an order of magnitude lower than benthic macroinvertebrates
have shown reduced abundance (2, 15-19, 21, 22, 51). The fact that hyporheic
microbial communities appear to be more sensitive to the fluvial deposition of
heavy metals than benthic macroinvertebrates is not surprising. These
communities live in close association with the sediment surfaces (6, 27, 29, 53,
64). Therefore changes in the sediment geochemistry due to the deposition of
heavy metals (7, 59, 84, 86), and toxic effects of the metals themselves (1, 42,
70, 74, 78) should act as strong selective pressures on the local microbial
community.

Conclusion:

This investigation provides strong evidence that hyporheic microbial
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community structure can be affected by the fluvial deposition of heavy metals.
The response of these communities is rapid and can be detected at
contamination levels an order of magnitude lower than that shown to illicit a
response in aquatic macro-invertebrate communities. Since aquatic
invertebrates actively graze upon these communities it is likely that changes in
hyporheic microbial community structure due to low levels of metal contamination
have effects on higher trophic levels. Therefore using hyporheic microbial
communities as indicators of initial or low-level heavy metal contamination in lotic
environments may prove a useful tool for environmental quality analyses.
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Tables
Table 1, Construction of experimental treatments.
Treament

level
Control
4%
8%
18%
30%

nort-sterile
sediment (g)

Metal contaminated
sediment (g)

Sterile
sediment (g)

0
6

45

105
105
105
105

12
24
45

33
21
0

105

Total .
sediment (g)

39
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150
150
150
150
150

Table 2. Correlation coefficients (R2) and significance levels (p values, in parentheses) of Group I, II, and III
abundance vs. the Cl for each time point and across the whole experiment.
Group
1
II
III

1 week
-0.93 (0.01)
-0.85 (0.03)
-0.44 (0.22)

2 weeks

4 weeks

-0.83 (0.03)
-0.04 (0.75)

-0.86 (0.02)

-0.01 (0.93)

-0.21 (043)

-0.15(0.51)

8 weeks
-0.72 (0.07)
-0.00 (0.91)
-0.93 (< 0.01)

12 weeks

Whole experiment

-0.78 (0.05)

-0.89 (0.02)
-0.13 (< 0.001)
-0.14 (< 0.001}

-0.29 (0.35)
-0.90(0.01)
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Figures

Figure 1. Schematic of the mesocosms used in this study to test for heavy metal
effects on hyporheic microbial communities.
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Figure 2. Mean and standard errors of contamination index (Cl) values for each
level of the experimental metal factor, n = 4. Bars that share a letter represent
means that are not significantly different from one another.
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Figure 3, (A) Scatter plot o f the first and second dimensions of a non-metric
dimensional scaling (NMDS) analysis. Points represent mean similarities of
DGGE patterns between metal treatments and time points. Only three levels of
the metal factor are indicated here for clarity. O = control, A = 8% metal, □ =
30% metal. Numbers indicate the time point represented by the symbol. 1 = 1
week, 2 = 2 weeks, 3 = 4 weeks, 4 = 8 weeks, 5 = 1 2 weeks. (B) Mean percent
dissimilarity in community composition as determined by DGGE pattern analysis
vs. the difference in the Cl between treatments.

0.35

30

0 .2 5 -

= 25-

0 .1 5 200 .0 5 0.83

15£ -0 .0 5 §

-0 .1 5 -

5-

-0 .2 5 -0.35
■0.35

10 -

-0.25

-0.15

-0.05
0.05
Dimension 1

0.15

0.25

0.35

0.2

■

0

0.4
0.8
0.2
0.6
Difference in Contamination Index

216

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1

Figure 4. Mean and standard errors of group-level abundance measured in the

Log 16S DNA copy number/g of sediment (dry w t)

control treatments over the course of the experiment.
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Figure 5. Phylogenetic group abundance plotted against the contamination
index. (A) Means and standard errors of Group I abundance, line indicates the
linear relationship for the entire experiment. (B) Means and standard errors of
Group II abundance, line indicates the only significant linear relationship which
was observed after 1 week of incubation (p < 0.05). (C) Means and standard
errors of Group III abundance lines indicate the significant linear relationships (p
< 0.05) observed after 8 ( ♦ ) and 12 (-*) weeks of incubation.
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p < 0.01 (8 weeks)
R =0 -9 0

p = 0.01 (12 weeks)

Chapter 7
The Effects of Fluvial Deposition of Heavy Metals on Hyporheic Microbial
Community Structure and Lotic Ecosystem Function: A Conceptual Model
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The work presented here.addresses the effects that the fluvial deposition
of heavy metals has on the biotic components of lotic ecosystems. Specifically
this integration of observational studies and experiments has established a
causal link between the structure of hyporheic microbial communities and the
fluviaf deposition of heavy metals. A conceptual model that integrates the
information presented here and the investigations of others is offered (Figure 1).
The following is a discussion of this conceptual model and suggestions for future
research to further substantiate its claims.
When heavy metal contamination is introduced into a stream it can have
two basic effects on the ecosystem, each with different effects on the local biota.
Soluble metal ions and decreased pH’s can be toxic to the biotic components of
lotic ecosystems (9, 20, 30). Heavy metals that precipitate out of solution or
become chelated to sediment surfaces change the local geochemistry (41).
Although it can be difficult to separate the effects that these two aspects of heavy
metal contamination have on the local biota, the combination of observational
and experimental approaches utilized here provides some insight into this
complicated response. Toxic effects due to decreased pH and increased soluble
metal ions can affect three aspects of aquatic community structure. 1)
Productivity reduces as reflected by the rates of protein production by microbial
communities associated with streambed sediments (25) and growth rates of
grazing mayflies (17). 2) Species richness decreases as noted in both hyprheic
microbial communities (chapters 5 and 6) and benthic macroinvertebrates
assemblages (3,12, 14,17). 3) Specific populations exhibit reduced
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abundances. For example there can be drastic reductions in the local trout
populations (41), reduced mayfly larvae abundance (13, 17), and decreased
relative abundances of microorganisms most closely related with the a and pproteobacteria, while the relative abundances of y-proteobacteria increase
(Chapters 4 and 6). Alteration in the sediment geochemistry can also alter
hyphorheic microbial community structure.
The main alteration in sediment geochemistry generated by the
introduction of mine waste from a pyretic ore body, such as the one ultimately
responsible for the contamination gradient studied here, is the elevated levels of
iron oxyhydroxide coatings on the surfaces of streambed sediments (41, 42).
These coatings affect the way metal ions (7, 39-42), bacterial cells (34), and
natural organic matter (2, 5) adsorbs to sediments and can increase the
sediment surface area (41, 45, 56). Chapter 5 discussed how these coatings
potentially affect the establishment of hyporheic microbial communities. Data
presented in this dissertation suggested that elevated sediment metal loads
increase the rate at which bacterial cells colonize new substrates. Since iron
oxyhydroxide coatings can facilitate the attachment of bacterial cells it is
hypothesized that the positive correlation between the level of heavy metal
contamination and the abundances of Groups I, II, and III is due to the physical
process of enhanced adsorption. The toxic and geochemical altering aspects of
heavy metal contamination have different mechanisms by which they affect the
biotic components of lotic ecosystems. However, the end result is similar:
selection for metal tolerant populations.
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Although no direct measures of metal tolerance were made the

experimental evidence generated here provides clear causal evidence that
hyporheic microbial community composition is related to the metal content of
hyporheic sediments. Other work has established the correlation between heavy
metal contamination and metal tolerance in invertebrate communities (15).
Although other factors such as organic carbon availability or grazing pressure
can affect microbial community structure (26, 28, 38, 46, 47, 49, 53, 54) it
appears that heavy metals play as strong or stronger roles in structuring
communities in stressed environments than these factors. The specifics of which
species were selected for by the heavy metals were not addressed here.
However, other communities of aquatic organisms have demonstrated speciesspecific responses to heavy metal contamination (13, 14, 17). Further, we have
noted a selection for Group III organisms and a selection against Groups I and II
in our observational studies. The techniques employed here were not specific
enough to accurately identify changes in community composition at the species
level, however it is likely that these changes are taking place. Given the
observed changes in community composition and the rates at which these
communities rebound from the initial contamination (2 months) it’s more likely
that species loss and replacement are responsible for the observed changes is
community composition rather than evolution or acquisition of new physiological
traits. Thus the fluvial deposition of heavy metals results a new community
structure.
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The new community structure that results from the introduction of heavy
metals to lotic ecosystems has altered distributions of bacterial phylogenetic
groups, yet it appears to have similar cell densities and functional properties as
the community prior to the metal exposure (Fig. 1). The densities of bacterial
cells do not appear to be affected by the fluvial deposition of heavy metals
(Chapters 3 and 4) and total microbial biomass as measured by phospholipid
phosphate didn’t differ among the metal treatment levels discussed in Chapter 5
(data not shown). Measures of microbial protein production at the community
level demonstrate no difference in the communities inhabiting metal
contaminated or pristine streams (Chapters 3 and 4) and there were no
significant differences in community level production in the field experiment
presented in Chapter 5 (data not shown). These results suggest two things: 1)
the new community structure is different only in the composition of the
community and not in function or 2) the community level functional measures
employed thus far don’t have the resolution for detecting the functional changes
that arise from an altered community structure. The former is the simplest
explanation, however the later is most likely correct. Simple cell density
estimates such as direct microscopic enumeration and low-resolution processlevel measurements like protein production can miss the majority of the action on
the microbial level. Direct microscopic counts can be highly variable and make
no assessment of differences in cell types (32). Protein production measures
one aspect of a community, how fast it can assimilate 14C-leucine (24). Other
functions such as organic carbon mineralization and nitrogen cycling are
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important for maintaining stable lotic ecosystems (4, 6, 8, 11, 18, 22, 23, 52).
These are activities that are performed by the microbial component of these
systems (18, 48). Therefore I suggest that the observed changes in hyporheic
microbial community structure may have far reaching impacts on lotic ecosystem
function.
Changes in community structure can alter the types and rates of organic
carbon mineralization (10, 27, 35), change the susceptibility of the community to
grazing pressure (28, 31, 33, 51), and affect food web structures (21, 29, 37, 43,
44, 53). Although none of these aspects of community function were measured
here I hypothesize that the change in community structure induced by the fluvial
deposition of heavy metals can affect these functions. To address this
hypothesis further investigations are required. A similar approach as applied
here could be utilized. Controlled laboratory and field experiments could be
employed to monitor the community level functional responses to a broad range
of metal treatments. Carbon mineralization rates could be measured by
monitoring CO 2 fluxes using a LI-COR 6400 photosynthesis system (LI-COR,
Keygene, N.V.). These measurements could be made on communities enclosed
in flow-through columns in the laboratory (modified versions of those described in
Chapter 6) or in the field on samples removed from sediment columns (Chapters
3,4,and 5) and places in a sealed respiration chamber on site. Depending on the
rates of CO 2 evolution this could provide accurate estimates of in situ respiration
and thus carbon mineralization rates. The effects of hyporheic community
structure changes on rates of grazing by macroinvertebrates could be
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demonstrated using field studies. In fact other investigators have already

demonstrated that biofilms grown in metal contaminated streams result in slower
growth of Baetis fly larvae (13). We could expand on this work using a similar
experimental design monitoring insect growth rates while simultaneously using a
GC-MS to determine if the biofilms are producing compounds that are toxic to
grazers or make the biofilm less palatable. Given that macrobial grazers modify
their grazing activities based on the palatability of their chosen food source (1,
16, 19, 36, 50, 55) it is not outside the realm of possibilities that microbial grazers
make similar choices. Heavy metals have already been shown to alter
macroinvertebrate food web structures (15). We could determine if similar
changes are taking place in microbial food webs by monitoring the bacterial
community structure and looking for correlative changes in the unicellular
microinvertebrate grazer/predator assemblages. This could be accomplished
using purely molecular techniques such as qPCR with primers targeted to
specific microbial species or groups and primers for the grazing populations.
Additionally a microscopic approach using fluorescent in situ hybridization (FISH)
could be applied using the same probes to enumerate the whole cell populations.
However, the latter approach would be more cumbersome and thus I would
suggest the former as a more tractable approach. This additional
experimentation would provide direct links between changes in hyporheic
community structure due to heavy metal deposition and changes in lotic
ecosystem function.
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The information presented in this body of work provides the first evidence
that hyporheic community structure is affected by the fluvial deposition of heavy
metals. Hyporheic microbial communities play key roles in lotic ecosystems, thus
by fully understanding the impacts that heavy metals have on the structure and
function of these communities we can be begin to understand the long-term
impacts that this type of contamination has on lotic ecosystems as a whole. The
research presented here is one piece of this puzzle; further investigation into this
subject is warranted.
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Figures
Figure 1. Conceptual model of the effects of fluvially deposited heavy metals on hyporheic microbial
communities.
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